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SUMMARY
P rio r to  instigation of the experimental work, a number of 
relevant topics were examined in detail in order to  provide a perspec­
tive in which the experimental work could be viewed. Investigations 
were made based on the hypothesis th a t, assuming continuous plug-flow, 
the dynamics of the planktonic phase in a riv e r are identical to  those 
found in batch culture. The experimental procedure was applied to  
samples from  two m ildly polluted rivers; the R iver Wey a t Guildford 
and the R iver Mole a t Dorking. Nitrogen transform ations were moni­
tored together w ith  changes in the bacterial community. The lim ita ­
tions of the experim ental method were examined c ritic a lly , especially 
w ith relevance to  the problems of surface colonization, and detailed 
consideration was given to  the efficacy of the microbiological and 
chemical techniques employed. The results showed th a t a quantita­
tive ly  significant and qualitatively diverse community became estab­
lished on the walls of the sample vessel. Also interesting relationships 
were observed between fluxes in the nitrogen cycle, particu larly  
n itrific a tio n , and the structure of the bacterial community in the 
main body of the sample.
TO MY GURU MAHARAJ JI 
WHO HAS SHOWN ME THE TRUTH AND 
BEAUTY OF MAN’S REAL NATURE.
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GENERAL
INTRODUCTION
SECTION I
WHAT IS POLLUTION?
In recent years the word pollution has come into widespread use. An 
acceptable colloquial definition would be th a t pollution is nthe defilem ent or 
degrading of the environment.”(1 )
According to  Wisdom (1956), w ater pollution is legally definable as 
”the addition of something to  w ater which changes its  natural qualities so 
th a t the riparian owner does not get the natural w ater of the stream  
transm itted to  him .”(2 )
Cairns and Lanza (1972) defined pollution as ”the appearance of some 
environmental quality fo r  which the exposed community has inadequate 
inform ation and is thus incapable of an appropriate response.” (3)
A ll the above definitions are essentially based on subjective assessment,
e.g. use of the words ’’natural” and ’’appropriate.” Pollution, as w ith most 
other general phenomena, has been categorized into types each of which can 
be defined more precisely and based less on subjective assessment. For 
example, in his report-on eutrophication, Vollenweider (1970) recognised the 
need fo r  a definition of the point a t which ”a body of w ater is in danger w ith  
regard to  its  trophic level.” He tentatively  suggested the following 
defin ition:-
”A body of w ater is in danger w ith regard to  its  
trophic level when its  springtim e concentration 
of assimilable phosphorous compounds and inorganic 
nitrogen compounds exceeds 10 mg. P /m  and 
200-300 mg. N/m ^ respectively, and/or when the 
specific supply loading per unit area of lake 
reaches 0.2-0.5 g. P/m ^ per year and 5-10 g. N/m ^ 
per year.”
Vollenweider made i t  clear th a t the definition was lacking in universal 
application, due to  the low level of understanding of the phenomenon of 
eutrophication. However he s t ill considered th a t the defin ition supplied 
useful c rite ria  fo r defining c ritic a l concentrations and maximum perm issible 
loads, and th a t the above param eters gave a satisfactory indication of trophic 
s ta te .
The problems associated w ith  defining types of pollution can be 
appreciated by examining the wide range of pollution phenomena outlined 
below. Fo r the sake of lucidity the phenomena have been divided into  
four groups.
I.  The introduction of d irectly  toxic m aterials.
The introduction of d irectly  toxic m aterials in to  an aquatic system  
can produce a number of e ffec ts* The e ffec ts  produced have been shown 
to  be dependant on the following fa c to rs i-
i)  D iffe re n t organisms can to lerate  d iffe re n t concentrations of a 
particu lar poison.
ii )  Toxbity varies w ith the concentration of the poison and the length of 
exposure to  the poison (i.e . poisons may produce both acute and chronic 
e ffe c ts ).
ii i)  Poisons may in terac t synergistically (Southgate, 1932).
iv) Environmental facto rs  a ffe c t the to x ic ity  of most poisons* The most 
im portant factors involved are tem perature, oxygen content, pH 
(acidity or a lka lin ity ), and dissolved salts particu larly  calcium  
(Wuhrmann and W cker, 1955).
v) Food chain concentration of toxic compounds may occur. Th is , of 
course, w ill a ffe c t organisms in the higher trophic levels o f the biota 
(e.g. fish ).
I f  a poison caused the death of su ffic ien tly  large biomass, then 
conditions s im ilar to  pollution w ith  organic m a tte r would occur. Toxic 
m aterials commonly associated w ith  pollution phenomena include: certain  
m etal ions; poisons such as cyanide, sulphide and ammonia; pesticides; 
crude oil; phenols, e tc .
n . Introduction of organic m a tte r.
Pollution w ith organic m a tte r is often a very complex problem due 
the the large range of facto rs  involved and the e ffec ts  th a t they can produce.
The composition of organic effluents varies from  those which are  
biologically and chemically complex, containing suspended solids (e.g. sewage) 
to  those which are chemically simple solutions of organic m a tte r (e.g. the 
starchy and sugary effluents from  some food fac to ries). Consequently,the
effec ts  of these effluents w ill also vary considerably*
Factors which may be involved in cases of pollution w ith organic 
m a tte r can be summarized as follows
a. The nu tritional contents of organic wastes can have a very marked 
im pact on the biota of the receiving w aters.
(i) High levels of organic nutrients may stim ulate massive growths 
of a few species of microorganisms collectively known as "sewage 
fungus." Hynes (1963) gave a description of "sewage fungus" and its  
effec ts
"The microorganisms involved are not only fungi, but also include 
bacteria and protozoa. In severe cases "sewage fungus" form s ragged 
w hite, yellow, pink or brown masses which cover a ll the solid objects 
in the r iv e r, and may even form  a carpet over mud surfaces. The 
blanket of "sewage fungus" smothers much of the benthic flo ra  and 
fauna, elim inating many of them . The growths also encourage the 
deposition of s ilt and aggravate the e ffec ts  of suspended solids in the 
e fflu en t.
A t tim es of high w ater large masses of the "sewage fungus" may 
break o ff and flo a t downstream. The floating masses, apart fro m  
spoiling the aesthetic appeal of the environment, begin to  decay and 
sink to  the bottom  form ing local pockets of deoxygenation."
The appearance of sewage fungus in substantial quantities is 
usually regarded as an indication of gross pollution, however Warren 
e t a l. (1964) found th a t tro u t productivity increased concomitantly 
w ith the growth of Sphaerotilus natans (a filam entous bacterium  also 
re ferred  to  as sewage fungus). Thus in the context of tro u t 
productivity the growth of sewage fungus may be regarded as desirable 
but in the context of environmental quaKty (i.e . biological d iversity and 
aesthetic appeal) i t  may be undesirable. As a general phenom en^* 
productivity is not necessarily related to  environmental quality as 
the la tte r  re flec ts  the overall properties of the environment. The 
■concept of-produ.ctivifcy and-i t s -re la tionship to  other-environmental  
-param eters-w ill-he .discussed in Serf inn V .
(ii) The presence of organic nutrients in the w ater also stim ulates
the growth of plariktonic heterotrophic bacteria. Under aerobic 
conditions the organic substrates are oxidised, and in the cases of 
high organic loadings the w ater may become severely deoxygenated.
(iii) The m ineralization of organic m a tte r may release large amounts 
of inorganic nutrients (e.g. n itra te  and phosphate) which w ill cause 
increased eutrophication of the receiving w aters.
b. Poisons such as ammonia and sulphides are often found in anaerobic 
organic wastes. Organic pesticides may also be present in surface 
runoff w ater or in facto ry  wastes.
c. In e rt suspended solids present in the organic wastes may cause problems 
of excessive s ilt  deposition and increased tu rb id ity .
d. Organic wastes are often anaerobic, consequently on addition to  the 
receiving waters they cause p a rtia l deoxygenation. Also chemical 
oxidations may cause fu rth e r deoxygenation.
e. Sewage and animal wastes may contain organisms which are pathogenic 
to  man and animals.
f . Non-biodegradable detergents w ill a ffe c t the surface properties of the 
receiving w ater, and may be d irectly  toxic to  some members of the 
biota.
H I. The introduction of nutrients producing highly eutrophic conditions.
Eutrophication is the enrichment of an aquatic system by plant 
nutrients. The plant nutrients may originate fro m :-
i) The m ineralization of organic m a tte r introduced into the system ,
ii)  Surface runoff w ater from  the land which may contain dissolved 
inorganic salts (esp. n itra te ),
iii)  Sewage e fflu en ts , which contain inorganic salts (esp. phosphate).
Eutrophication occurs as a natural process in a ll aquatic systems. 
N utrients entering a lake tend to  become fixed in the bodies of plants and 
anim als, when these die and decay they fo rm  a sub-aquatic soil which slowly 
releases the nutrients fo r other lake dwellers. In tim e the fe r t i l ity  of the 
lake becomes noticeably greater. Thus enrichment of lake w ater is a
symptom of ageing. The process is s im ilar in rive r systems except th a t 
the ageing process is also reflected  by the development of the system  
spatially from  source to  m atu rity .
However the natural process of eutrophication is a very slow one 
and invariably the problems associated w ith eutrophication originate from  
the increased inflow of nutrients due to  man’s ac tiv ities .
The symptoms and e ffec ts  of eutrophication were outlined by 
Vollenweider (1970).
"The f  ollowing activ ities  may be mentioned as typical of incipient 
eutrophication:-
1. A quantitative increase in the biomass, as observed e ith er in the 
macrophytes and periphytic algae near the shore, or in the planktonic 
algae of the pelagic regions. Such an increase is usually accompanied 
a t the outset by a decrease in the number of species typical of 
oligotrophic waters and, simultaneously or subsequently, by the 
appearance of indicator organisms in the plant communities.
2. Q ualitative and quantitative changes in the lit to ra l, benthic and 
planktonic fauna, and in the fish  population.
3. From  the physical and chemical standpoints, the decreasing transparency 
and changing colour of the w aters , the development of oxygen maxima
or minima w ithin the m etalim nic layers, and the overall decline in the 
oxygen content of the hypolimnic layers during the summer months.
As the process of eutrophication advances, these symptoms m erely 
become more pronounced, a t f irs t;  subsequentially, however, lite ra lly  
catastrophic changes and processes set in , bringing w ith them a luxuriance 
of planktonic vegetation (algal blooms, aquatic blooms), a massive invasion 
of Cyanophy<^e, the to ta l elim ination of oxygen from  the hypolimnic layers  
during the summer months and the accumulation of considerable quantities of 
nu trien ts , the appearance of hydrogen sulphide and ammonium ions, iron and 
manganese, the concentration and sedimentation of non-mineralized organic 
substances, form ation of marsh gas, etc; and as a resu lt of these changes 
in th e ir environment, the disappearance of the fauna inhabiting the deeper 
regions and of the higher species of fish ."
IV . Therm al pollution.
Therm al pollution involves the introduction of heated waters in to  
an aquatic system.
The addition of heat may a ffe c t an environment in the following
ways:-
a . The introduction of heated w ater in to  a large riv e r or lake may cause 
therm al s tra tific a tio n  w ithin the body of the w ater. As w ith cases of 
natural therm al s tra tific a tio n , oxygen depletion of the hypolimnic 
layer may occur w ith associated e ffec ts  as outlined in the section on 
eutrophication.
b. The elevation in tem perature of the environment may also d irectly  
a ffe c t the biota (Krenkel and P arker, 1969).
A number of e ffec ts  have been observed 
(i) The increased tem perature produces increased a c tiv ity , and 
consequentially increased oxygen requirem ent. However, su ffic ien t 
oxygen may not be available due to  the lower solubility of oxygen a t 
increased tem peratures.
(ii) Increased tem perature may upset seasonal organism development 
cycles causing prem ature hatching, e tc .
(iii) The sensitivity of a ll aquatic life  to  toxic substances is heightened 
a t increased tem peratures.
c. Increased tem perature w ill a ffe c t the physical and chemical properties 
of the receiving w aters.
Tem perature influences 
(i) The amount and availab ility  of dissolved oxygen.
(ii) The density of the w ater.
(iii) The e ffects  of salin ity on the biota.
(iv) D iffusion rates across phase boundaries (e.g. m ud/water in terface) 
and within sediments.
(v) Rates of chemical reactions.
The b rie f summary of pollution phenomena given above illu s tra tes  
the complexity of interactions involved which produce the e ffe c t of "pollution”
in individual cases. Also the types of pollution, as lis te d , often produce 
sim ilar e ffec ts  and may in terre la te  to  produce a greater complexity of 
e ffec ts  (e.g. pollution by organic m a tte r and eutrophication often in te r­
re la te  very strongly).
The complexity found in many instances indicates th a t pollution is 
a phenomenon associated w ith  the ecological system and cannot be 
restric ted  to  individual components. J. R . Allen (1969) emphasized this  
point when re ferrin g  to  research problems in therm al pollution when he 
said:-
"Tem perature must be treated in relation to  other 
environmental fea tu res , fo r  i t  is indisputably 
established th a t ecological conditions tend to  
operate in conjunction w ith other conditions to  
produce th e ir e ffe c ts . Studies of tem perature 
as a single lim iting  fa c to r are often inconclusive, 
leading to  d iffic u lt and questionable in terpretation  
of resulting data."
The types of pollution outlined above correspond w ith the general 
definitions (1 and 3) fo r  pollution mentioned earlie r. However, Wisdom’s 
definition is not generally applicable as i t  is evident, especially in the case 
of eutrophication, th a t pollution may m erely change one type of natural 
w ater in to another. The quality of "naturalness” only being lo st when 
changes occur which are in excess of those found in normal variations of 
w ater quality.
The situation was summed up w ell by Hynes (1963) when he said:- 
"In nature l i t t le  is simple and straightforw ard and 
a rigid system can lead only to  rig id ity  of thought 
and approach. Each riv e r or stream  and each 
efflu en t is d iffe re n t, so the pattern  of pollution 
varies from  place to  place. But although the 
pattern varies the phenomenon is nonetheless 
detectable."
However, in order to  study the e ffec ts  of pollution i t  is necessary 
to  compare the environment before pollution, to  the environment a fte r
pollution. The comparison could be based on e ith er qualitative or 
quantitative assessment or both. In order to  extend the understanding of 
pollution e ffec ts  to  such a degree th a t prediction is possible, both 
qualitative and quantitative assessment would be essential.
Both qualitative and quantitative assessment require the designation 
of param eters to  be observed. Therefore the phenomenon of pollution must 
be observed in term s of certain param eters. The selection of the relevant 
param eters, and the manner in which these param eters are combined to  
represent the phenomenon of pollution, is of the utm ost importance.
The purpose of the following sections in the introduction is to  
examine in deta il the problems mentioned above, w ith special relevance to  
the study of "The e ffec ts  of pollution on nitrogen transform ations 
occuring in flowing w aters."
SECTION I I  
THE NITROGEN CYCLE
Nitrogen is an essential requirem ent fo r biological growth, and in 
common w ith many other elements involved in the biosphere i t  has been 
observed to  flow in a characteristic manner between organisms and the 
environment, and vice versa. W ith relevance to  nitrogen, this flow is 
re ferred  to  as the "nitrogen cycle;"
W ithin the cycle, nitrogen occurs in many d iffe re n t form s. In 
term s of oxidation s ta te , nitrogen varies from  +5 (NO^**) to  -3  (NH3 ). 
Nitrogen compounds vary in complexity from  simple inorganic ions (e.g. 
N 0 3 ~) in solution to  high molecular weight organic compounds (e.g. proteins). 
The relationships between the various form s of nitrogen have been 
rationalised to  show the main molecular transform ations (fig . 1 ).
1. N itra te  assim ilation is the overall process whereby n itra te  -N  is 
reduced to  ammonia w ith the subsequent form ation of nitrogenous cell 
constituents (P ain ter, 1970).
The reduction of n itra te  -N  (oxid. s ta te , +5) to  ammonia (oxid. 
s ta te , -3 ) requires energy, the precise quantities of which depend on the  
environmental conditions. P ainter (1970) cited the figures of S yrett 
(1954) fo r  the overall reaction,
NO3 -  + 2H+ + H20  ----- >  NH4+ + 20 2  AF = 81.6 k cal.
A F , the fre e  energy change, was calculated fo r molar solutions of n itra te  
and ammonium ions a t pH 7.0 and p artia l pressure of oxygen of 0.2 a tm .
2. Ammonia assim ilation is the process by which nitrogenous cell 
constituents are formed from  ammonia.
The oxidation sta te  of ammonia -N  (-3 ) is in general identical w ith  
th a t of organic -N , therefore any energy changes occuring as a resu lt of 
ammonia assim ilation may be attribu ted  to  the synthesis of cellular 
constituents.
According toB rezonik (1972), "By fa r  the greatest influx of 
inorganic nitrogen into organisms results from  ammonia and n itra te  
assim ilation. These reactions predominate in surface w aters and are 
mediated prim arily by phytoplankton and macrophytes."
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The predominance of ammonia and n itra te  assim ilation among the 
prim ary producers is not surprising as organisms on other trophic levels would 
be expected to  obtain th e ir nitrogen, e ither d irectly  or in d irectly , from  
the cellular m ateria l of the prim ary producers. The qualitative distribution  
of ammonia and n itra te  assim ilation among aquatic organisms also 
accentuates the importance of the prim ary producers. Ammonia assim ilation  
can be achieved by macrophytes, algae, and many bacteria and fungi, however 
the predominant form  of inorganic nitrogen found in rivers and lakes is 
n itra te . The ab ility  to  assim ilate n itra te  is restric ted  to  most macrophytes 
(Strickland, 1965), most algae (Vollenweider, 1970; P a in ter, 1970), but 
comparatively few bacteria and fungi (P ain ter, 1970).
3. Amm onification (Deamination), is the process by which ammonia is 
produced from  organically bound nitrogen.
Brezonik (1972) outlines three m ajor pathways of am monification 
occuring in aquatic habitats 
i) B acteria l decomposition of soluble organic nitrogen and d e tritu s ,
ii)  Excretion by zooplankton feeding on phytoplankton and d e tritu s ,
iii)  Autolysis of plant and animal m ateria l. The proportions of each
varying according to  the nature of the environment.
4. N itrific a tio n  is the process by which ammonia is oxidised to  n itr ite  
and then to  n itra te . P ainter (1970) distinguishes two types of n itrific a tio n :-
i) Autotrophic n itrific a tio n , which he defines as, "the oxidation of
ammonia to  n itr ite  and thence to  n itra te  by autotrophic organisms, 
th a t is , those which derive th e ir energy from  these oxidations and 
not from  the oxidation of carbon compounds."
Autotrophic n itrific a tio n  is carried out by a small group of autotrophic 
bacteria, the most im portant of which are Nitrosomonas sp. and 
N itrobacter sp.. Nicholas (1963) determined the quantity of energy 
released by the autotrophic oxidation of ammonia to  n itra te ,
Nitrosomonas:-NH4+ + %02 —> 2H+ + H20  + N 02~ A F  = -8 4 k c a l. 
N itrobacter:- N 02~ + %02 — >  A F  = -17.5 kcal.
These figures were determined w ith reactants a t physiological 
concentrations.
ii)  Heterotrophic n itrific a tio n  occurs when, "n itrite  and/or n itra te  are 
produced by heterotrophic organisms by reactions which are not 
necessarily oxidations and which are not the sole energy sources fo r  
the organism." (P ain ter, 1970).
According to  P ain ter (1970), a large number of hetertrophic bacteria  
and fungi are able to  produce low concentrations of n itr ite  or n itra te . 
Although only low concentrations are produced in this way i t  was 
suggested th a t heterotrophic n it r if  ication may be im portant because 
of the large numbers of heterotrophic microorganisms occuring in 
natural habitats. I t  was considered by P ainter (1970) and Brezonik 
(1972) th a t autotrophic n itrific a tio n  is the predominant process 
occuring in aquatic environments.
5. N itra te  dissim ilation is defined by P ain ter (1970) as, "the oxidation 
of carbon compounds a t the expense of n itra te , which acts as the a lternative  
hydrogen acceptor to  oxygen. Very li t t le  nitrogen is incorporated into cells % 
D en itrification  is a special case in which gaseous N 2  and/or N 2 O are the end 
products." P ain ter (1970) cited Engel (1958) who stated th a t the oxidation 
of glucose by n itra te , w ith nitrogen gas as the end product, yields alm ost as 
much energy as the oxidation by molecular oxygen,
5C6 H2 0 6  + 24KNOa — >12N 2  + 24KHC03 + 6C02  + 18H20  A F  = -645.5 k c a l. 
C6 H2 0 6  + 602 ~ ^  6 CO2  + 6 H2 0  A F  = -688.9 k c a l.
The use of n itra te  fo r dissim ilation is restric ted  to  bacteria and fungi, of 
which many species, including heterotrophs and autotrophs, are able to  use 
n itra te  in this way (P ain ter, 1970).
6 . Nitrogen fixation  is the synthesis of cellular nitrogen compounds 
from  elem entary nitrogen.
Painter (1970) cited P ra tt (1962), who demonstrated th a t nitrogen 
fixation  requires energy,
0.5N 2  + 1.5H 2  + H20  NH4+ + OH-  A F  = 0.17 k c a l.
In aquatic environments a variety  of organisms are capable o f nitrogen 
fixa tio n . The group of organisms of greatest significance in nitrogen 
fixation  are probably blue-green algae (Dugdale and Dugdale, 1962) although not 
a ll blue-green algae are able to  f ix  nitrogen (Brezonik, 1972). O ther organisms
able to  f ix  nitrogen include various bacteria (e.g. Azopobacter sp.)t 
anaerobic bacteria (e.g. C lostridium  pasteurianum), many facu lta tive  
bacteria (only under anoxic conditions) and a ll photosynthetic bacteria  
(Brezonik, 1972).
As nitrogen is an essential n u trien t, i t  is required by organisms to  
m aintain th e ir s ta te  of entropy a t  a low level. Consequentially comparatively 
large amounts of energy may be expended in order to  maintain the supply of 
nitrogen to  the cells (e.g. n itra te  assim ilation and nitrogen fixa tio n ). As a 
resu lt of such processes as death and excretion, organic nitrogen compounds 
loose the support systems which m aintain them in a s ta te  of low entropy, 
and in accordance w ith the Second Law of Thermodynamics tend towards a 
s ta te  of maximum entropy. That is , transform ations w ill occur which reduce 
the amount of energy tied up in stru ctu ra l organisation to  a minimum, hence 
the processes of am monification and n itrific a tio n  which yield fre e  energy.
In the above description of the main molecular transform ation  
within the nitrogen cycle, emphasis was placed on the individual reactions 
and th e ir relationship to  energy flow . The nitrogen cycle may also be 
examined in relation to  the environment and nutrient flow . From  this  
point o f view the relationships between the various form s of nitrogen in 
a lake have been rationalised (see fig . 2 ),
I t  is when viewed in this context th a t a tangible cycle of nitrogen 
transform ations can be observed in term s of both spatial distribution and 
chemical change. Observations of biogeochemical cycles in general, 
enabled Odum (1971) to  designate two compartments or pools fo r  each cycle.
1. The "reservoir pool"; the large, slow moving generally non-biological 
component.
2 . The "exchange or cycling pool"; a sm aller, but more active portion  
th a t is exchanging rapidly between organisms and th e ir im m ediate 
environment.
In the case of Kuznetsov*s lake (see fig . 2) the nitrogen cycle could 
be divided into two compartments.
1. The atmosphere, containing large quantities of elem ental nitrogen, 
certain ly f its  the definition fo r the "reservoir pool."
2. The lake its e lf could be regarded as the "exchange or cycling pool."
A sim ilar relationship also exists between the sediment and the main 
body of w ater; and between the hypolimnion and the epilimnion. The b arrie r 
of the sedim ent/w ater in terface produces the situation in which, during 
periods of high productivity, the diffusion of nitrogen compounds (esp. 
ammonia) into the overlying w ater is exceeded by the sedimentation of 
nitrogen bound in particulate organic m a tte r. In periods of low productivity  
the situation could be reversed, resulting in the net release of inorganic 
nitrogen. Thus, in relation to  the w ater body, the sediment may ac t as 
a nitrogen reservoir.
During the summer, the thermocline in a w ater body e ffec tive ly  
separates the epilimnion and the hypolimnion. In this situation, productivity  
in the epilimnion may be suffic ien t to  deplete the w ater of available nitrogen. 
Nitrogen w ill also be lost by sedimentation. D iffusion of nitrogen compounds 
across the thermocline w ill occur but distribution by physical mixing of the 
whole w ater body w ill be prevented. The situation may be alleviated by the 
fixing of elem ental nitrogen from  the atmosphere (e.g. blue-green algae 
blooms). Removal of the thermocline in w inter enables complete mixing to  
occur and the surface waters (epilimnion) are enriched w ith nitrogen from  
the hypolimnion.
In the three examples given above the "reservoir pool" acts as a 
control mechanism, maintaining the in teg rity  of the cycle. The interaction  
between the sediment and the w ater body prevents the build up of excessive 
nitrogen loadings in the w a te r, which, in conjunction w ith other fa c to rs , 
could lead to  excessive production and deleterious e ffec ts  on the ecosystem. 
The relationship between the hypolimnion and epilimnion may perform  a 
sim ilar function. -A detailed study-of-these functions w ill- be-made in-Seefeien 
4V,
According to  Odum (1971): "Gaseous type cycles can be considered as 
re la tive ly  p erfect in the global sense because of natural negative feed­
back control." He also commented th a t the nitrogen cycle is quickly se lf 
adjusting because of its  large atmospheric reservoir.
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F i g .  2* N i t r o g e n  c y c l e  p r o c e s s e s  i n  an i d e a l i s e d  s t r a t i f i e d  
f r e s h w a t e r  l a k e  ( a d a p t e d  f ro m  K u z n e t s o v ,  19-59)*
The atmosphere*
contains a large reservoir o£ elem ental nitrogen w ith  the gaseous 
oxides of nitrogen in trace amounts*
Epilimnion of the w ater body*
rapid cycling of nitrogen between organisms and the aquatic 
environment,
exchange of elem ental nitrogen across the w a te r/a ir in terface , 
only aerobic transform ations occur, 
a major proportion of prim ary productivity occurs in the 
epilimnion, therefore the assim ilation of nitrogen in to  
cellular constituents (i.e . n itra te  and ammonia assim ilation  
and nitrogen fixation ) occurs predominatly in the epilimnion 
(Brezonik, 1972). 
exchange w ith  the hypolimnion across the therm ocline, occurs by 
diffusion and the sedimentation of particulate organic 
m a tte r.
Hypolimnion of the w ater body.
rapid cycling of nitrogen between organisms and the aquatic 
environment.
organic m a tte r sed amen ting from  the epilimnion undergoes
0 ( t 0 > K i K I > T l i ) K
dissim ilation (aa«i¥wadfac»(aon). Diosim ifefcten may occur 
either aerobically or anaerobically, as conditions in the 
hypoKmnion a f ten preclude the mixing of aerobic w ater 
w ith deeper anaerobic pockets. Loss of ammonia to  sediments 
or atmosphere is often prevented by the oxidation of ammonia 
to  n itra te  (n itrific a tio n ), 
elemental nitrogen and gaseous oxides of nitrogen may be
liberated in to the atmosphere as a resu lt of den itrifica tio n  
in oxygen depleted w ater (Brezonik, 1972).
Sediment.
high bacterial a c tiv ity  on the m ud/water in terface (Hayes, 1964).
most of the nitrogen in the sediment enters in the form  of
particulate organic m a tte r, of which a proportion undergoes 
am m onification. 
the phase boundary between the w ater and the sediment may 
effec tive ly  prevent any substantial flow of nitrogen 
compounds into the w ater, especially i f  the surface of the 
sediment is oxidised (Hayes, 1964). Thus, under conditions 
of high organic m a tte r sedim entation, the sediment may act 
as a major nitrogen sink.
Biogeochemical cycles are undoubtably observable phenomena in  
natural environments, and th e ir importance is obvious. In abstracted  
form s (e.g. fig s . 1  and 2 ) the nitrogen cycle appears as a comparatively 
simple network of chemical transform ations, physical processes (e.g. 
diffusion) and control mechanisms (e.g. the "reservoir pool"). However, 
the processes which operate this network present a d iffe re n t perspective 
in the context of the environment as a whole.
For example, den itrification  represents the only means by which 
elem ental nitrogen is produced within the cycle. As defined by P ain ter 
(1970), den itrification  occurs when carbon compounds are oxidised a t  the 
expense of n itra te , which acts as the a lternative  hydrogen acceptor to  
oxygen. Thus, from  the organisms point of view den itrification  occurs 
as a means of obtaining energy by the oxidation of carbon compounds, and 
not as a means of producing elem ental nitrogen. W ith relevance to  the 
nitrogen cycle i t  could be pointed out th a t den itrification  can only occur 
in the presence of n itra te  in adequate concentrations. Environmental 
conditions have also appeared to  be highly relevant. I t  has been shown 
(Jannasch, 1960 a , b; Wheatland e t a l., 1969; Sherman and MacRae, 1957, 
a , b) th a t denitrification  can only occur a t low oxygen concentrations, as 
oxygen is utilised in preference to  n itra te  as the hydrogen acceptor. A lso, 
prim ary producers are responsible fo r  the bulk of n itra te  assim ilated, however 
prim ary production is governed by a large number of param eters of which 
nitrogen availab ility  is only m e.
The inform ation given above illu s tra tes  an im portant aspect of the 
nitrogen cycle. The dynamics of the nitrogen cycle cannot be expressed 
simply in term s of a few  equilibrium equations as the equilibria between 
d iffe re n t components (e.g. N 2  and organic -N ) cannot be resolved in term s  
exclusive to  the nitrogen cycle because of complex interactions w ith  other 
environmental functions. C ertain processes, w ithin the nitrogen cycle, 
occur only under speciaHsed circumstances (e.g. den itrification  and 
n itrific a tio n ) however, the involvement of the organisms in these trans­
form ations does not necessarily im ply any d irect causal relationship. The 
nitrogen cycle exists as a function of the whole environment, abiotic and 
b io tic .
Morowitz (1966) examined the physical background of cycles in 
biological systems using an approach based on s ta tis tic a l mechanics. He 
concluded his paper w ith the following words:
"Biology is characterised by cycles in systems which 
are approaching steady states of interm ediate 
sta b ility . The theorem discussed above indicates 
th a t such cycles are a general consequence of the 
physics of systems undergoing energy flux and need 
not be introduced as special biolgocial phenomena."
The problems associated w ith system functions such as nitrogen 
cycling w ill be examined more closely in Section V£
SECTION m  
SOURCES OF NITROGEN
The source and amount o£ nitrogen in a r iv e r, or any other w ater­
body, varies according to  the characteristics of the catchment area. The 
water-body acts as a nitrogen sink fo r  the te rre s tia l environment: thus an 
in tim ate relationship exists between nitrogen flow  in the te rre s tia l 
environment and the nitrogen content of the receiving w ater. Nitrogen
dA
flow w ithin the te rre s tia l environment is a very complex phenomenal and is 
by no means understood.
A simple distinction is possible between diffuse sources of nitrogen 
(e.g. ra in , land drainage, e tc .) and spatially d istinct sources (e.g. sewage 
o u tfa lls , e tc .). However, i t  would be erroneous to  suppose th a t this 
constitutes a distinction between natural nitrogen flow and pollution. A 
study of the processes and the quantities of nitrogen involved w ill serve to  
elucidate the situation.
D iffuse Sources
Precipitation
r
The nitrogen occu^pg in rain and snow is usually in the fo rm  of 
ammonium or n itra te . The amounts vary from  <  1 mg A  to  several mg A  
in tem perate clim ates. Schomer and Fast (1951) found as much as 7 mg N 
(NH3 )A  however a concentration >  2 mgA is ra re . They also discovered 
an inverse relationship between the amount of rain and the dissolved nitrogen 
concentration, Buckman and Brady (1961) estim ated an average loading in 
humid tem perate clim ates of 5.0 kg N (NH3 ) and 1.7 kg N (NC^J/ha/yr, w ith  
the NHgiNOg ra tio  fluctuating between 2 and 5, In a more detailed study 
Eriksson (1966) determ ined:-
a) N itra te  nitrogen loading.
In N.W . Europe annual loadings were 4-5 kg/ha over the lower 
Rhine and decreased radially from  this point giving 2.0 kg/ha over 
the Western U .K ., Southern Norway and Sweden, and <  0.5 kg/ha over 
Northern Sweden, Norway and Finland.
In U JSA. the highest annual loading was 3-4 kg/ha over the N o rth - 
East decreasing to  <  0.5 kg/ha over the non-industrial areas.
b) Ammonium nitrogen loading.
In N.W , Europe the highest loading of 4-6 kg/ha occurred over 
N orth-E ast and Central England w ith  a general loading of 2-3 kg/ha 
except over Northern Sweden, Norway and Finland w ith < 1 . 0  kg/ha.
Annual loadings by dry deposition were 20-30 kg/ha over the 
Rhine; 13-15 kg/ha over N JE. and C entral England; 10-16 kg/ha over 
C entral Sweden and Norway; <  5 kg/ha over W estern U JK. and ‘Northern  
Scandinavia w ith isolated values of 22-48 kg/ha occurring over Finland.
These results indicate a possible relationship between population 
density (esp. industry) and aeria l nitrogen loadings although the precise 
nature of the relationship is by no means d e a r. Indeed Brezonik (1972) com­
mented th a t the evidence was conflicting concerning a possible correlation  
between high nitrogen concentrations in ra in fa ll and areas of industrial or 
cultural a c tiv ity . Brezonik also described a correlation between high 
ammonium concentrations in the ra in fa ll w ith  alkaline soils, and between low 
ammonium concentrations and acid soils. In his review , Vollenweider (1970) 
emphasised th a t ra in fa ll nitrogen can contribute considerably to  the nitrogen 
metabolism in waters w ith low nutrien t contents. For example, the Plonnesee 
in Switzerland received 30 kg N /h a /y r from  ra in fa ll.
Land Drainage
A fte r  reaching the ground the w ater may either percolate in to the 
soil or ru n -o ff the surface. Surface runoff w ater w ill find its  way into  
stream s and rivers d irectly  causing acute fluctuations in flow  whereas w ater 
percolating into the soil enters a regulated system from  which excess w ater 
finds its  way into rivers e ither via subsoil drainage or as ground w ater. The 
w ater from  the la tte r  sources provide the ’basal* flow  of the riv e r or stream . 
The factors affecting  the nitrogen content of percolated and surface runoff 
w ater are considerably d iffe re n t although sometimes strongly in terre lated  
therefore nitrogen transport w ill be examined in the two systems separately.
Although this study w ill deal exclusively w ith nitrogen, Nye and 
Greenland (1960) noted th a t high levels of n itra te  ions always correspond to  
high concentrations of nutrien t cations in washout w ater.
A. Surface Runoff
N utrients are lost in surface runoff w ater as compounds in solution 
or, more sign ificantly, absorbed or chemically banded to  soil partic les.
Reid (1961) estim ated th a t about % of precipitation on land finds its  way 
into the surface runo ff. The amount of nitrogen lost from  the soil in 
runoff w ater is dependent on the combination of four major factors (Buckman 
and Brady, 1969).
1. P recip ita tion :- The to ta l amount of precip itation, its  in ten sity , and 
seasonal distribution are im portant. Bormann and Likers (1969) reported
in th e ir Hubbard Brook ecosystem study th a t 57% of the annual runoff occurred 
during the snowmelt period of March to  May, while only 0.7% occurred in 
August although the amount of precipitation was constant throughout the year. 
Also Buckman and Brady (1969) noted th a t i f  ra in fa ll occurs when the soil is 
bare (e.g. early spring) or a fte r  the harvesting of root crops then nu trien t 
loss in runoff w ater is increased.
2. Soil:- a) The in filtra tio n  capacity of the so il, which is dependent on 
te x tu re , depth, e tc ., a ffec ts  the extent to  which surface w ater can drain 
into the soil.
b) The stru ctu ra l s tab ility  of the soil influences the extent 
to  which soil particles may be washed away. The structu ra l s ta b ility  o f many 
soils is determined by the content of organic debris, root system s, etc . 
Removal of the organic content through the excessive use of inorganic 
fe r tiliz e r  combined w ith o ver-effic ien t crop removal can lead to  extensive 
soil erosion and consequent nutrien t loss in surface runoff w ater.
3. Slope, topography and channels:- Theoretically a doubling of velocity  
enables w ater to  move particles 64 tim es la rg e r, allows i t  to  carry 32 tim es  
more m ateria l in suspension and makes its  erosive power 4 tim es greater 
(Buckman and Brady, 1969), Thus increased land drainage by digging ditches 
and channels may increase soil erosion and the loss of nitrogen in to  runoff 
w ater. Mackenthun, Ingram and Porges (1964) produced the following figures  
fo r  runoff from  s ilt loam :-
Gradient Nitrogen loss (kg/ha/yr)
20% 42.5
8% 20.0
Buckman and Brady (1969) noted th a t the length of the slope influences 
ru n o ff. For example doubling the length of a 9% slope increased soil loss 
by 2 . 6  tim es and runoff w ater by 1 . 8  tim es.
4. Vegetative cover:- Forest and grass are the best cover fo r  the 
prevention of loss by surface ru n o ff, but th e ir influence varies. For 
example a fo re s t w ith heavy ground cover of organic m a tte r w ith dense 
undergrowth is fa r  superior to  open woods w ith l i t t le  organic accumulation. 
The e ffe c t of fie ld  crops varies. Some such as wheat and oats o ffe r  
considerable obstruction to  surface washout but others, especially in te r­
tille d  crops, encourage erosion. M ille r and Krusekopf (1932) investigated 
the influence of systems of cropping and methods of culture on surface 
runoff and soil erosion. Losses from  erosion on a Shelley s ilt  loam soil 
w ith a 3-7% slope, on plots 90 f t .  long, were determined over a 14 year 
period. The average annual ra in fa ll was 40 inches.
tons of soil no. years
% lo st re la tive  to  erode
 ________________ runoff per a c re /y r. erosion 7 inches
No crop, ploughed 4lf deep
and cultivated regularly 30.7 41.64 1 2 2 34
Com grown continuously 29.4 19.20 58 50
Wheat grown continuously 23.3 1 0 . 1 0 30 1 0 0
Rotation: com , wheat and
clover 13.8 2.78 8 368
Bluegrass sod (continuous) 1 2 . 0 0.34 1 3043
Bormann and Likers (1969) c lear-cut an area of fo re s t but did not 
remove any vegetation or disturb the soil. Regrowth was prevented by 
herbicide. As a resu lt annual runoff was increased by 40% and the June- 
September runoff increased by 418%, The authors ascribed the increase 
to  the removal of the transpiring surface, which took w ater fro m  the so il, 
increasing its  potential fo r  absorption. The importance of transpiration  
w ill be discussed below. Also the nitrogen loss rose from  4.5 to  52.8 kg/ha 
fo r  th a t year which was equivalent to  the normal to ta l annual nitrogen 
turnover.
B . Percolation
Nitrogen losses in subsoil drainage w ater and ground w ater occur 
by the leaching of soluble compounds from  the soil. Most agricultural 
soils contain between 0.075% and 0.3% Nitrogen (1500-6000 kg N /ha in top 
150 mm) (Cooke and W illiam s, 1970). According to  Buckman and B rady, 
1 - 2 % of the to ta l soil nitrogen is present as soluble ammonium or n itra te , 
the re s t being e ith er in soil humus or an ammonium nitrogen fixed by 
certain day m inerals. Of the la tte r  2-3% is mineralised per year. There 
are three major facto rs which a ffe c t the degree of nitrogen loss:-
1, Soil type:- Soils re fle c t the geological, clim atological and orographic 
(pertaining to  the relations of highlands and mountains, e tc .) conditions 
and act as a genuine interm ediary between these and the hydrochemical 
characteristics of the w ater (Vollenweider, 1970). However, the m other 
rock contains vitually  no nitrogen compounds except in the organogenic 
layers of sedimentary rocks. Nitrogen enrichment of soils is due mainly 
to  bacterial n itrific a tio n , nitrogen fixa tio n , and atmospheric precipitation. 
Vollenweider quoted the figures of M ille r (1955) fo r  the nitrogen content 
of various soil types.
The ab ility  of a soil to  hold nitrogen is determined to  a large extent by 
its  ion-exchange capacity. Ion-exchange capacity depends on the m ineral 
structure (e.g. the ion-exchange capacity of coalinite is 3-15% th a t of 
verm icu lite), and the presence of organic and inorganic colloids.
2. Drainage:- Nitrogen loss in a given soil is not only related to  the 
throughput of w ater. Fo r example, where w ater remains near or a t the 
surface most of the tim e , inadequate oxygen prevents the breakdown of 
organic m a tte r to  release inorganic nitrogen (Sm ith, 1966), Benson (1965) 
noted th a t swamp and marshland can trap  large amounts of nu trien ts.
Loamy clay 
Heavy brown clay 
Brown clay 
Yellow sandy clay 
Sandy soil
N content (kg/ha)
8100 (depth 17 cm)
decreasing
to
2000
S tau ffe r (1942) compared the nitrogen losses from  Muscatine (well drained) 
and Cowden (poorly drained) over a 3% year period. Losses were 86.0 kg /ha  
and 6 . 8 6  kg /h a /y r respectively.
3. Vegetative cover:- Vegetation a ffe c ts  nitrogen loss in three 
fundamental ways.
(a) Transpiration removes w ater from  the soil e ffec tive ly  reducing the
net downward flow  of w ater. Sukachev and Dylis (1968) quoted the
following figures fo r  transpiration.
Vegetation Transpiration (mm) R ainfall (mm)
Equatorial Rain Eorest 2300-3000 4200
Tropical w ith slight drought,
Eucalyptus plantation 1200 760
Tropical Savannah (shrubs) 48 200
Tem perate Forest 290 771
448-626 670
Bormann and Likers (1969) observed transpiration values of 42-72%
in d iffe re n t tem perate fo res ts , Foth and Turk (1972) determined
transpiration rates fo r wheat (452.7 lbs. w ater/lb  dry tissue produced)
and a lfa lfa  (853.0 lbs. w ater/lb  dry tissue produced). Transpiration
e ffec ts  vary according to  the season. Peak tranpiration rates
occuring in la te  summer. In addition to  decreasing the flow  of w ater
downwards the removal of w ater from  the soil also increases its
a b ility  to  absorb surface w a te r, thus reducing surface ru n o ff.
(b) The dynamics of nitrogen flow  are determined to  a large degree by 
the cycling of nutrients w ithin the biosphere. When plant or anim al 
protein enters the soil i t  is converted by deamination to  ammonia 
which can then be assim ilated d irectly  by bacteria , fungi or plant ro o ts , 
or i t  can be converted to  n itra te  by n itrify in g  bacteria. N itrific a tio n  
occurs readily in neutral well-drained soil but i t  is inhibited in 
anaerobic or highly acidic soils (Alexander, 1961), Rice (1964) and
Nye and Greenland (1960) found th a t plant growth may inhibit n it r i­
fication  and nitrogen fixation . According to  Alexander (1961) when 
The concentration of organic m a tte r is high and the pH and redox 
potential are appropriate, fre e  living Azotcbacter sp. and Clostridium  
sp. may f ix  significant amounts of nitrogen in the soil. Brock (1966)
considered th a t legume nitrogen fixation  was of minor importance in 
natural habitats although they may act as pioneer plants. However, 
clover, when grown as an agricultural crop, then ploughed in , may 
contribute large amounts ( >  100 kg N /h a /y r) of fixed nitrogen to  the 
soil (Tomlinson, 1970).
Changes in the vegetation can a ffe c t nitrogen loss in drainage to  a 
considerable degree. Russell and Russell (1950) found th a t the nitrogen 
content of an agricultural soil doubled within 50 years a fte r  being 
allowed to  retu rn  to  grassland, and W arren, Johnston and D 'A rif a t
(1965) found th a t >  2000 kg N/ha were released over 12 years a fte r  
the ploughing of very old grassland. Cocke and W illiam s (1970) noted 
th a t loss of n itra te  in drainage from  productive land cannot be 
prevented because more N w ill be mineralised from  soil reserves and 
crop residues by m icrobial action than the arable crops can take up a t  
some tim es of the year. Buckman and Brady (1969) found in a 
representative humid-region s ilt  loam cropped to  a standard rotation  
th a t nitrogen removed by crop rotation (112.5 kg /h a/yr) was ten tim es  
th a t lo st by leaching (11.25 kg /h a /yr). B izze ll and Lyon (1927) obtained 
the following figures in a study o f drainage w ater composition using 
lysim eters over 10-15 years.
Dunkirk s ilty  clay loam :- N loss (kg /ha/yr)
Bare soil 77.50
Crop rotation 8.77
Grass 2.81
Volusia s ilt  loam :- N loss (kg /ha/yr)
Bare soil 44.30
Crop rotation 7.42
In a study of drainage from  undisturbed weeded soil blocks, M ille r  
(1906) found th a t on average (27 y r) drainage w ater contained 9.8 mg A  
NO^-N. September drainage w ater had most n itra te  (12 mgA) and 
February least (7.9 m gA). Hendrick and Welsh (1938) found th a t under 
grasses only 0.5-3 kg N /h a /y r was lo st in drainage while under root 
crops or cereals 4 to  11 kg N /h a /y r were lo st.
(c) The type o£ vegetation influences the content and distribution of 
organic m a tte r in the soil. The distribution of organic m a tte r 
a ffe c ts  the soil structure and ion-exchange properties. Soil 
structure determines to  a large extent the drainage properties of 
a soil.
Point Sources
Point sources of nitrogen in a riv e r system consist fo r  the most 
p art of sewage and industrial waste effluents and urban ru n o ff. Domestic 
sewage contains hardly any nitrogen from  sources other than excrement 
(Vollenweider, 1970), thus nitrogen loading can be worked out on a per capita 
basis. Owens (1970) quoted figures of 20-50 mg N /l fo r  sewage e fflu en ts . 
A part from  domestic sewage many industrial effluents contain varying 
amounts of nitrogen.
Source Nitrogen Content (mg N /l)
B eet sugar factories 21-712
Yeast factories 858
Starch factories 88-186
Dairies 30-40
(M u ller, 1966)
In the G t. Ouse study Owens obtained a mean figure fo r  urban runoff 
of 4 kg N /h a /yr* Weibel (1967) found 9.0 kg N /h a /y r in runoff fro m  an 
urban area.
The re la tive  contributions of land drainage and point sources to  the 
nitrogen budgets of riv e r systems have been determined using three methods 
of approach.
(i) D irect measurement of the quantities of nitrogen originating from  
various sources.
(ii) Consideration of fluctuations in nitrogen levels in rivers a t d iffe re n t
tim es of the year.
(iii) Form ulation of model systems by the extrapolation of figures obtained
from  individual studies.
The f ir s t  method was applied by Owens (1970) in a study of the G t. 
Ouse riv e r system . The contribution from  sewage was determined by
chemical analysis of individual effluen ts . This figure was then subtracted 
from  the to ta l N in the riv e r to  give the contribution from  land drainage.
I t  was found th a t 70% of the nitrogen and the bulk of potassium, silicon, 
chloride and sulphate originated from  land drainage. These results were 
confirmed in a number of other rivers by extrapolation of results found in  
the G t. Ouse system . Also Owens quoted the surveys of Owen and Johnson
(1966); N eil and Johnson (1967) and the Am . W at. Wks. Ass. (1967), which 
confirmed th a t land drainage is the major source of nitrogen.
Tomlinson (1970) found th a t the tim e distribution of n itra tes  in 
rivers also supports the view th a t land drainage is a m ajor source. In a 
study of figures fo r  the R iver Stour (Houghton, 1964) he found th a t the 
concentrations did not fa ll when the flow  was maximal during the w inter 
months as would be expected i f  the inputs were fa ir ly  constant as from  
sewage. In one of the two years studied concentrations were highest 
during the w inter period, Tomlinson concluded th a t reduced m icrobial and 
plant ac tiv ities  in the rivers leading to  a lower consumption of n itra te  
could perhaps contribute to  higher w inter concentrations, but the close 
correspondence between peaks of flow  and n itra te  discharge suggested th a t 
this was unlikely to  be the fu ll explanation. Vollenweider derived a model 
fo r  the average European situation; a population density of 1.5 persons/ha 
w ith ru ra l regions consisting o f 30% crops, 30% meadows and grassland,
2 0 % fo re s t and 2 0 % wasteland. Using approximated values fo r  nitrogen 
loading from  each source he found th a t 52-71% of nitrogen in surface waters  
originated from  ru ra l areas. He also quoted the figures of Backsteeg (1966) 
who, using a s im ilar method of evaluation, determined re la tive  figures fo r  
West Germany. Backsteeg found th a t 70% of nitrogen originated from  
farm land and 30% from  sewage.
Owens (1970) derived a model system based on the following 
assumptions:-
For non-urban land.
Relative area (%) N contribution (kg /ha/yr)
Arable
Permanent pasture 
Rough grazing
62.5
32.5 
5.0
13
8
4
F o r urban land, runoff contains 4 kg N /h a /y r while each person occupies 
1/35 ha and contributes 9 g N /day. From  these figures he determined th a t 
a t 1.5 persons /ha (4% catchment urban) then 31.2% N from  sewage and a t 35 
persons/ha (fu lly  urban) then 97% N from  sewage. Thus the d iffe re n t 
methods of investigation a ll agree th a t, although individual cases may vary, 
under average conditions (about 1.5 persons/ha) land drainage is the most 
im portant source of nitrogen.
F e rtilize rs
In order to  obtain maximum crop growth i t  is necessary to  maximise 
nutrien t availab ility . In intensive farm ing systems i t  is necessary to  apply 
a rtific a l fe rtiliz e rs  or organic manures to  achieve this end. Vollenweider 
(1970) quoted the figures of Ig n a tie ff and Page (1958) fo r  fe r tiliz e r  usage in 
theU .S .A .
Crop Nitrogen fe r tiliz e r  (kg N /h a /y r)
Cotton 25-100
Maize 100
Sugar B eet 50-200
Sugar Cane 40-110
Wheat 20-60
Figures from  Vollenweider also illu s tra te  the re la tive  loadings of N from  
human and livestock faeces and a r t if  ical fe rtiliz e rs  in the U JK.
Source Nitrogen (tons/yr)
Human faeces 210,000 (1962)
Livestock faeces 1,480,000 (1962)
A r t if  ical fe r tiliz e r  580,000 (1965)
The extent to  which these loadings find th e ir way in to surface w aters is not 
known. A number of isolated studies have suggested th a t the contribution of 
fe r t iliz e r  is significant. Cole and Gessel (1965) found th a t nitrogen output 
in percolation w ater from  a Douglas f i r  fo re s t increased from  0,54 to  0.69 
and 1.04 kg /h a /yr when plots were fe rtilize d  w ith urea and ammonium 
sulphate respectively, Lawes e t a l. (1882) found th a t annual fe rtiliz a tio n  of 
w inter wheat w ith none, 48, 96 and 144 kg N/ha ammonium s a lts , over 7 years, 
gave on average NO3 -N  in the drainage w ater of 5 , 9 , 16 and 20 mg/1 respectively. 
Cocke and W illiam s (1970) found th a t the recovery of fe r t iliz e r  N varies greatly
w ith the season and age of grass sward: in one experiment grass recovered 
only 30% of applied N in 1967 and 53% in 1969 but 80% in 1968, Drainage . 
measurements showed severe leaching in 1967 and 1969, but not in 1968,
These results appear to  agree w ith Buckman and Brady's (1969) statem ent 
th a t soils under any given clim ate tend to  assume a 'norm al' or equilibrium  
content of nitrogen. Thus any a ttem p t to  increase this normal level w ill 
be attended by unnecessary losses due to  drainage, e tc .
Vollenweider (1970) found th a t fo r  Europe and the U S J i.  the main 
instances of eutrophication usually occur where intensive fe rtiliz a tio n  is 
practised. Also the close link which is assumed to  exist between ca ttle  
and eutrophication appeared to  be confirm ed, especially in the U .S A ., where 
feedlots are creating an increasingly serious problem. However, Vollenweider 
considered th a t the assessment of agricultural contributions, im portant as 
they undoubtedly are in the context of eutrophication, should be the subject 
of fu rth e r fundamental studies.
The main problem in studying the extent of fe r t iliz e r  nitrogen loss 
in drainage and surface w ater is th a t the n itra te  from  f  e rtiH zer and th a t 
form ed in the soil, amounting altogether to  perhaps 200 kg N /ha (Cocke and 
W illiam s, 1970) are indistinguishable, and as such become concerned in the 
overall dynamics of nitrogen cycling.
Tomlinson (1970) examined correlations between mean annual n itra te  
concentrations of 17 rivers in the U Jv. and the nitrogen fe r t iliz e r  purchases 
in adjacent counties. He found th a t there was no general correlation  
between n itra te  concentrations and fe r t iliz e r  purchases even in areas where 
fe r t iliz e r  purchases were highest. Tomlinson also compared fe r t iliz e r  
consumption w ith the to ta l quantity of nitrogen carried. He found th a t 
most of the n itra te  was removed during the w inter months before fe rtiliz e rs  
are appKed, but in some years peaks of n itra te  removal occurred fro m  March 
to  May. The pattern of n itra te  removal was very closely related to  riv e r  
flo w , and losses of n itra te  did not necessarily occur a t any particu lar tim e  
during the w in ter. Tomlinson concluded th a t:-
(i) The intensification of farm ing in the U J \. did not lend to  a marked 
general increase in n itra te  contents of rivers  over the period 
1953-67.
(ii) I t  is an oversim plification to  say th a t fe r t iliz e r  nitrogen not
recovered by the crop is d irectly  leached out of the soil as n itra te ,
(iii) High n itra te  losses during spring coincided w ith  high flo w -rates  and 
thus may be associated w ith  fe r tiliz e r  loss by surface runoff soon 
a fte r  application,
(iv) I t  should be emphasised th a t one of the requirements fo r  good crop 
growth is a high availab ility  of nutrients during spring. Intensive 
farm ing systems are designed to  fu lf i ll this requirem ent e ither by 
the addition of fe rtiliz e rs  or decomposable organic m a tte r. Thus 
i t  is inevitable th a t there is a risk  of n itra te  loss during the spring.
Owens (1970) examined the correlation between nitrogen concentrations 
in 12 rivers and increased fe r tiliz e r  usage over a number of years. Although 
the amounts applied per unit of catchment increased substantially, no 
marked increase in the loads carried by the riv e r a t any given flo w -ra te  
were apparent.
Vcllenweider's correlation between intensive fe rtiliza tio n  and 
eutrophication may be erroneous because intensive fe rtiliza tio n  is  
invariably associated w ith other intensive farm ing practices such as 
increased drainage, deep ploughing, increased areas under crops as opposed 
to  fo re s t or grassland, and increased concentrations of livestock which 
may be of more significance. Also areas under intensive farm ing probably 
have highly fe r tile  soils which have been cultivated fo r  hundreds of years.
The significance of fe r tiliz e r  contribution to  nitrogen loss from  
the land is an open question, and no doubt the contribution of fe r t iliz e r  
varies considerably depending on the situation.
SECTION IV
RELATIONSHIPS BETWEEN THE NITROGEN CYCLE AND 
POLLUTION PROBLEMS
Nitrogen is a m ajor nu trien t therefore many o f the biological e ffec ts  
produced by pollution (especially those a ffectin g  overall production) w ill 
involve changes in the dynamics of nitrogen flow  or in the re la tive  abundance 
of the d iffe re n t form s of nitrogen.
The to ta l amount of fixed nitrogen present in a body of w ater may be 
affected  by the opposing processes of nitrogen fixation  and den itrifica tion . 
Nitrogen fixation  occurs fa ir ly  frequently in eutrophic surface w aters and 
several bloom-forming blue-green algae are the prim ary agents (Brezonik, 
1972). I t  appears th a t nitrogen-fixing algae bloom in lakes only a fte r  
nutrients have been depleted by blooms of other algae, although large amounts 
of nitrogen may be fixed even when both ammonium and n itra te  are being 
assim ilated (Dugdale and Dugdale, 1962; Home and Fogg, 1970). The amount 
of nitrogen fixed (1 - 2 %) in relation to  the to ta l nitrogen budget of lakes is  
sm all, however a positive correlation has been observed between nitrogen 
fixation  and the concentration of organic nitrogen in the w ater (Home and 
Fogg, 1970). Thus pollution w ith certain nutrients may resu lt in blooms of 
nitrogen fixing blue-green algae which may constitute a major portion of 
the organic nitrogen present in surface waters a t certain tim es of the 
year.
D en itrification  has been observed in riv e rs , in which the w ater has 
become severely deoxygenated following pollution w ith large amounts of 
organic m a tte r (Skerman and MacRae, 1957; Wheatland and Gameson, 1958; 
Wheatland e t a l, 1959). Wheatland and Gameson (1958) observed considerable 
denitrification  (22 tons nitrogen/day) in the Thames estuary a t  below 5% 
saturation w ith oxygen. Wheatland e t a l (1959) discussed the possible 
beneficial e ffec ts  of oxidised nitrogen in polluted w aters. Although the  
preferen tia l use of oxygen by bacteria precludes u tiliza tio n  of n itra te  
before the occurrence of fish  m orta lities  due to  deoxygenation, they 
considered th a t n itra te  assim ilation by plants would occur a t rr ia tiv r iy
high concentrations of dissolved oxygen. I t  was argued th a t during 
assim ilation n itra te  is reduced and the oxygen released would be utilised in 
repiration or made available to  the w ater. The quantitative significance 
of such a process is probably sm all compared to  the increased oxygen 
availab ility due to  photosynthesis by n itra te -s tim u la ted  plant growth. 
Wheatland e t a l also suggested th a t n itra te  might be utilised in oxidation 
processes occurring in anaerobic sediments, thus helping to  stabilize  
m a tte r which would otherwide diffuse in to the main body of the w ater and 
exert an oxygen demand.
In some situations an increase in the input of inorganic nitrogen 
can accelerate the complex series of biological, chemical and physical 
interactions which govern the growth of p lan t, animal and m icrobial 
populations (Keeny e t a l, 1971). Nitrogen and phosphorus are regarded 
as the two lim iting  factors w ith relation to  eutrophication in most aquatic 
environments (Vollenweider, 1970; Brezonik, 1972). However, there is 
l i t t le  detailed understanding of th e ir interactions w ith other environ­
m ental facto rs (Lund, 1972). A ttem pts have been made to  delineate 
quantitative values fo r nitrogen and phosphorus, above which eutrophic 
conditions (i.e . algal bloom^ can be expected to  occur. From  lacustrine  
studies Sawyer (1947) suggested th a t a t the spring maximum, 0.015 mgA 
inorganic phosphorus and 0.3 mgA inorganic nitrogen are c ritic a l values. 
Vollenweider (1970) and Brezonik (1972) gave c ritic a l loading rates ( g/m .2/ 
yr) as they considered th a t the eutrophication problem lies not in nu trien t 
concentration but in subsequent nu trien t loading. Both workers recognised 
th a t, in general, deep lakes can assim ilate more nutrients w ithout adverse 
e ffec ts  than can shallow lakes. The la tte r  studies estabHshed a fa ir ly  
close, but by no means precise, correlation between lake trophic s ta te  
indices and nitrogen and phosphorus loading ra te s . In an overall analysis 
Vollenweider (1970) found th a t phosphorus is predominant over nitrogen as 
a lim iting  fa c to r, although the reverse may be true in individual cases.
In addition to  the quantities present, the dynamics of nitrogen 
turnover are also im portant. The m ajority of assim ilation studies have 
shown tlia t algae derive most of th e ir nitrogen from  ammonia, often in
spite of higher n itra te  concentrations (Brezonik, 1972). Indeed ammonia 
turnover tim es of a few  hours have been measured, implying a rapid 
recycling of nitrogen between organic compounds and the ammonia pool. 
Turnover tim es fo r n itra te  are in the order of a few  days. Pomeroy 
(1970) considered th a t productivity was probably more often lim ited by 
complex interactions than by the availability of a single nu trien t. This 
approach is vindicated by Kuentzel (1969) who observed th a t, where a 
pollutant contains considerable amounts of organic nitrogen, n itr ifie rs  
may compete w ith  algae fo r available carbon dioxide w ith the resu lt th a t 
diminished algal growth and oxygen generation combined w ith  oxygen 
consumption during n itrific a tio n  cause a reduction o f dissolved oxygen in  
th a t portion of the riv e r.
SECTION V  
THE RIVER ENVIRONMENT
There are many d iffe re n t viewpoints from  which the riv e r environ­
ment may be characterized. Fo r example, the earth  scientist views the 
riv e r as a link in the hydrological cycle; as a locus o f erosion, transporta­
tio n , and deposition of dissolved, suspended and trac tive ly  carried geologic 
m aterials; and as a complete open physical system hydrodynamically balan­
cing, and distributing energy and work over the earth 's land areas (C urry, 
1972). The biologist sees a range of vastly complex communities varying 
in th e ir composition and d iversity containing autotrophic and heterotrophic 
microorganisms, larger plants, and animals of many major groups fro m  
protozoa through vertebrates. W aters may be classified in term s of nut­
rie n t content (i.e . o ligo-, meso-e and eutrophic) or in term s of the cations 
which they contain (P a trick , 1972)* Ecologists have characterized the 
biota as a collection of producers, consumers and decomposers introducing 
the ideas of succession and m atu rity . Systems of riv e r and stream  clas­
sification have also been developed in more applied fie lds such as fo re s t 
management, tro u t stocking and waste disposal (Sheldon, 1972). From  a 
fundamental theoretical standpoint M argalef (1963) stated th a t the 'real* 
structure of an ecosystem is a property th a t remains out of reach, but 
this complete structure is reflected  in many aspects of the ecosystem  
th a t can be subjected to  observation. In other words the systems of charac­
terization  mentioned above are caricatures or models of re a lity . However 
as Ulanowicz (1971) pointed out, models are always sim plified , sometimes 
disto rted , but they nevertheless serve to  portray some of the featu res o f 
the rea l w orld, to  polarize thinking, and to  pose sharp questions. A  model 
must be constructed by selecting, from  an in fin ite  array of descriptors, a 
range of a ttrib u tes  which are considered to  be relevant to  the problem under 
study.
Flow is the most d istinctive property of rivers and stream s. M ost 
models fo r  rivers re la te  to  the mixing of an e fflu en t in a channel of flowing  
w ater (Hawkes, 1971), These models are useful fo r  the prediction o f w ater 
quality, but i t  is understood th a t param eters such as simple mixing do not 
occur in natural environments. Hawkes (1971) observed th a t many, but not
a ll, benthic and periphytic organisms live out o f the w ater flow  of the 
stream , e ith er in the riv e r bed or towards the banks. Thus the quality  
of the 'dead w ater* is not the same as the flowing w a te r, although a re la ­
tion exists due to  d irect exchange of m ateria l between the two. M argalef 
(1968) recognised two subsystems in a riv e r -  the one suspended in the w ater 
and the one linked to  the bottom . The organisms in suspension are subject 
to  a succession w ith  increasing m atu rity  downstream w hilst bottom  com­
munities can be considered as a succession o f stages in m atu rity  since 
communities upstream  influence those downstream. In the riv e r ecosystem  
heterogeneity exists both horizontally and vertica lly  but a d e fin ite  pattern  
is present. Fo r example, a t  a fixed geographical point along a riv e r the 
composition of the ecosystem remains stable (i.e . a condition of steady 
s ta te  exists). I t  is  im portant to  note the significance of the tim e scale 
used as i t  is evident th a t the composition of a riv e r changes fro m  day to  
day and season to  season. The la tte r  is an example of a general problem  
in ecological theory. In teractions, b iotic and ab io tic , are invariably dyna­
m ic processes and the tim e scales of individual interactions may be vastly  
d iffe re n t. The complexity o f the systems produced by these interactions  
is often such th a t the requirem ent fo r  generality in ecological theory has 
been obtained a t great cost in term s of precision and realism .
The ideas of succession and m atu rity  are fundamental to  much of 
the ecological theory relating  to  flowing waters* Succession in any s e lf-  
organising system involves the substitution of some piece of the system  
by some other piece th a t allows the preservation of the same amount of 
inform ation a t  a lower cost or the preservation of more inform ation fo r  
the same cost. In this context, inform ation is anything th a t can influence 
and shape the fu tu re , and cost is represented by the energy used (M arg alef, 
1968). Colonisation of a substrate or the changes in flo ra  and fauna below 
a sewage o u tfa ll are examples of succession. M a tu rity  relates to  the  
evolutionary and developmental status of an ecosystem and attem pts to  
compare, in a word, the a b ility  of d iffe re n t ecosystems to  accumulate 
and u tilize  energy and nutrients within a range of complicated biotic  and 
abiotic structures (Fisher and Likens, 1973), M a tu rity  has been defined 
using a number of measures including the prim ary production/biomass ra tio ,
and species diversity. In an examination of flowing waters M argalef (1968) 
defined m atu rity  in term s of ecosystem exploitation. The basic hypothesis 
was th a t a ll ecosystems or subsystems have a rb ita rily  chosen boundaries 
across which interactions occur such th a t the less organised system gives 
energy to  the more organised. He cited energy flow  (as organic m atte r) 
from  the plankton to  the benthos as an example of exploitation maintaining 
a steady s ta te  ecosystem in a s ta te  of low m atu rity . M argalef also recog­
nised the importance of spatial organisation. He argued th a t in turbulent 
w ater spatial organisation of the plankton was continually disrupted, and 
the potential m atu rity  of the system was consequentially decreased. Any­
thing th a t accelerates change and energy flow  in an ecosystem caused a 
reduction in potential m atu rity .
Odum (1969) noted th a t during succession there is a closing of the 
bipgeochemical cycling of m ajor nutrients such as nitrogen, phosphorous 
and calcium , w ith the resu lt th a t an increased level of recycling occurs 
w ithin m ature systems. Odum (1968) suggested th a t the provision of suf­
fic ie n t nutrients fo r  succeeding populations by increased recycling is an 
im portant aspect of succession. Also i t  is evident th a t a high ra te  of
in ternal recycling re la tive  to  flu x  through the system w ill produce a homeo-
sr
s ta tic  s ta te  which may be in p a rt controlled by the metabolic processed of 
the organisms involved. In some situations (e.g. marine plankton) the 
ratios and to  some extent the standing stoeks^if essential nutrients are  
set by the biological ac tiv ities  of the plankto^fpom eroy^ 1970) found th a t 
plankton can v irtu a lly  m aintain th e ir standing stock on regenerated n itro ­
gen, w hilst new nitrogen was used fo r  population growth. Thus although 
n itra te  may be considered a lim iting  n u trien t, seasonal cycling should be 
viewed as sh ifts  in the equilibria of much shorter cycles of uptake and 
regeneration. R ig ler (1956) showed th a t bacteria turned over th e ir phos­
phorous content in minutes while plankton took hours. Pomeroy (1970) 
suggested th a t anim als, particu larly  the sm allest <nes, and not bacteria  
were mainly responsible fo r phosphate, and probably available nitrogen, 
recyc&ing in oceans. Recycling within an ecosystem is often d iffic u lt to  
study as such processes often occur in steady s ta te  and can only be 
detected using trac e r techniques.
Besides being in a s ta te  of dynamic equilibrium in term s of simple 
metabolic and predator/prey in teractions, the planktcnic community in a 
riv e r is also in dynamic equilibrium w ith  respect to  larger organizational 
functions such as succession and m a tu rity , which also appear to  have a 
significant relationship w ith  nu trien t cycling.
The requirements fo r  precision and preservation of complexity in  
ecological investigations of rivers have resulted in attem pts to  use 
laboratory ecosystems. These ecosystems have included continuous cul­
tu re , batch culture and scaled down flowing systems. The advantages of 
laboratory ecosystems are th a t th e ir structure and a c tiv ities  closely 
parallel much larger natural systems and they are replicable and control­
lable. Organisms are taken from  nature and allowed to  reorganize under 
laboratory conditions. Thus the short and long range e ffec ts  of potential 
pollutants can be examined on the actual level o f biological organization to  
which they are applied (Cooke, 1970). The d iffe re n t types of laboratory  
ecosystem each have particu lar advantages as systems fo r  sim ulation o f 
the riv e r environment, Chemostats can be used fo r  steady s ta te  or wash­
out experiments; laboratory stream s are particu larly  useful fo r  studies 
of the benthos or periphytic populations. The use o f batch culture is based 
on the premise th a t a stream  or riv e r contains a t one point in tim e a ll the 
stages which the batch culture would exhibit throughout its  life tim e  (Brock, 
1966). In term s of process dynamics th is may be true fo r  the planktonic 
portion of the riv e r ecosystem, but i t  is  not true of the sediments and 
periphytic community. As mentioned above, w ith  relevance to  succession, 
change in the planktcnic phase is a continuous developmental process, whereas 
sediments and periphytic populations e x is t, in steady s ta te , as d is tin c t 
stages. Thus a batch culture containing both w ater and sediment cannot 
represent a flowing system as the dynamics of the two phases are to ta lly  
d iffe re n t, indeed simulation of a lake environment would be the re s u lt.
R iver sediments and periphytic populations would perhaps be best studied in 
continuous culture under conditions of steady s ta te .
Any abstraction o f the natural environment in to  the laboratory m ust 
resu lt in sim plification and d istortion . Warren and Davis (1971) noted th a t 
in closed or p artia lly  closed aquatic system s, colonisation is re s tric te d  and
gradual accumulation of detritus occurs w ith  the resu lt th a t the d iversity  
of the stream  communities becomes as unnatural as is th e ir succession. 
Pomeroy (1970) pinpointed the potential importance of input and output 
elim ination, and the e ffe c t of container surfaces.
The problem of ecosystem simulation is a complex one and m ust be 
examined w ith  relevance to  the particu lar problem under study, especially 
i f  the view of W arren and Davis (1971) is accepted; i.e . th a t models should 
be the sim plest th a t can incorporate the circumstances leading to  the 
phenomena we seek to  understand.
E X P E R I M E N T A L  W O R K
INTRODUCTION
The aim  of this review is to  examine the lite ra tu re  concerned w ith  
the study of nitrogen transform ations occurring in mixed aquatic 
communities w ith  special reference to  flowing waters and the e ffec ts  of 
pollution. The dynamics of inorganic nitrogen transform ations in flowing 
systems are poorly understood. Numerous autecological studies of the 
organisms possibly involved have been extensively reviewed (McElroy and 
Glass, 1956; Nason and Tnkahashi, 1958; W ilson, 1958; Mortenson, 1962; 
Fogg, 1962; Nicholas, 1963; Hardy and Bum s, 1968; P a in te r, 1970).
However there is s t ill a lack of fundamental inform ation of what occurs 
a t organism level, particu larly  w ith regard to  d en itrifica tio n , fixation  
and deamination.
Synecological studies concerned w ith the dynamics of nitrogen 
metabolism have been somewhat ra re r. Q uantitative data obtained by 
observation of changes in the nitrogen balance as functions o f, fo r  
example, seasonal change, flow ra te , introduction of pollutants and trophic 
conditions are readily obtainable, but fro m  the lite ra tu re  i t  would seem 
th a t the detailed examination of the mechanisms involved and the 
environmental parameters controlling them has proved a d iffic u lt task.
Economically and perhaps in term s of im pact on the environment 
n itrific a tio n  is the most im portant nitrogen transform ation in flowing 
w aters. The oxygen requirem ent of over 4 mg of oxygen per m illigram  
of ammonia-N oxidised to  n itra te -N  indicates the potential significance 
of n itrific a tio n  to  the dissolved oxygen balance of streams and other w ater 
bodies. For example; Courchaine (1968) found th a t n itrific a tio n  accounted 
fo r  two thirds (16 mg/1) of the to ta l BOD in the Grand R iver below Lansing, 
Michigan. As mentioned earlie r n itrific a tio n  has been shown to  be an 
a c tiv ity  of heterotrophs and autotrophs. The occurrence of autotrophic 
n itrific a tio n  in aquatic environments has been w ell established, however 
the occurrence of heterotrophic n itrific a tio n  has only recently been 
confirmed. Stephenson (1939) commented th a t numerous instances reported  
in the lite ra tu re  of heterotrophic n itrific a tio n  have been examined and 
serious objections to  the technique have been made in every case. E ylar 
and Schmidt (1959) cited more recent papers which indicated th a t a number
of d iffe re n t groups of microorganisms (bacteria, actinom ycetes, and 
fungi) isolated from  so il, form ed n itr ite  in pure culture and th a t one 
Aspergillus sp. form ed n itra te . In th e ir own work, Eylar and Schmidt 
surveyed the heterotrophic population of numerous soils fo r  the occur­
rence of microorganisms which m ight partic ipate in the form ation of n itr ite  
and n itra te . Less than 2% of the 1331 isolates formed n itr ite  in excess 
of 0.5jug/m l, however 17% of actinom ycetes, 16% of bacteria and 17% of 
fungi formed measurable amounts of n itr ite . N itra te  form ation was 
observed a t substantial concentrations (5-45 jug/ml) w ith  a number of 
fungal isolates. Each Aspergillus flavus isolate was able to  fo rm  n itra te  
in the te s t medium. More complex nitrogenous substrates were superior 
to  ammonia or urea fo r  n itr ite  and n itra te  production. Fisher e t a l (1956) 
observed the production of n itr ite  from  ammonia, in the absence of 
n itra te , by 16 heterotrophic bacteria isolated from  soil. In one case 
87% of removed ammonia was accounted fo r  as n itr ite -N . Sm aller amounts 
of n itr ite  (max. 10 jug/ml in 3 wks.) were produced by heterotrophs than 
autotrophs, but since the types of organisms isolated were the most 
prevalent morphological types in soil i t  was considered th a t heterotrophic 
bacteria may contribute substantially to  the nitrogen cycle in soil. More 
recent studies (Gunner, 1963; Laurent, 1971; V erstraete  and Alexander, 
1972) have im plicated A rthrcbacter as a n itr if ie r . Gunner (1963) isolated 
a strain  of A rthrobacter globiform is» which form ed n itra te  from  
ammonium. In fie ld  studies Laurent (1971) observed th a t throughout the 
year the ammonium-oxidising population of sediments is always g reater 
than th a t of n itr ite  oxidisers. He also found a correlation between the 
number of ammonium-oxidisers and the n itra te  content of the environment. 
Laboratory studies showed th a t autotrophic and heterotrophic n itrific a tio n  
occurred in p artia lly  anaerobic conditions (rH 8-16). N itrific a tio n  was 
related to  the concentration of organic m a tte r present, and in both cases 
was favoured by an increase in oxygen tension. Two A rthrobacter s tra in s , 
present as large populations in mud, were shown to  produce n itra tes  fro m  
ammonia and organic m a tte r under environmental conditions which prevail 
in muds. The inoculation of these organisms into sterilized  mud was 
rapidly followed by large scale m ultipHcaticn and recolonization. However,
n itra te  production by individual cells was sm all and heterotrophic 
n itrific a tio n  below 12°C was v irtu a lly  non-existent. Laurent concluded 
th a t under aquatic conditions n itrific a tio n  from  ammonia occurs naturally  
in muds through the action of auto trophic and heterotrophic bacteria 
growing in m icro-aerophilic conditions or by the sole action of heterotrophs 
in anaerobic conditions. In strongly reducing muds n itrific a tio n  may be 
presumed absent. V erstraete  and Alexander (1972) isolated an A rthrobacter 
sp. from  sewage which oxidised ammonium to  a number o f compounds 
including hydroxylamine, a bound hydroxylamine compound, a hydroxamic 
acid, a substance presumed to  be a prim ary n itro  compound, n itr ite  and 
n itra te . N itrific a tio n  by A rthrobacter was not inhibited by several 
compounds a t concentrations which to ta lly  inhibited autotrophic n itrific a tio n .
Nitrosomonas and N itrobacter are assumed to  be solely responsible 
fo r  autotrophic n itrific a tio n  in freshw ater, however th e ir ecology is very  
l i t t le  understood. The severe d iffic u lties  encountered in routine isolation  
and enumeration are undoubtably the reason fo r this s ta te  of a ffa irs .
Indeed Van N iel (1954, cited by Loveless and P a in te r, 1968) suggested th a t 
the isolation of Nitrosomonas was in its e lf an accomplishment worthy of 
publication. Also i t  is generally accepted th a t the growth of n itrify in g  
bacteria is inhibited by comparatively low concentrations of soluble 
organic m a tte r, particu larly  amino compounds (Jensen, 1950), Pan and 
U m breit (1972) examined growth in mixed cultures of the autotrophic . 
n itrify e rs  w ith heterotrophs. The simultaneous presence of heterotrophs 
either had no e ffe c t (Escherichia, Pseudomonas), slightly inhibited 
(Streptococcus), slightly stim ulated (S erra tia , Hydrogenomonas and 
Saccharomyces) or stim ulated appreciably (Candida) the growth of 
N itrobacter. Nitrosomonas was stim ulated by Candida, especially during 
the in itia l stages of growth, N itrobacter enhanced the growth of E . coli 
Hydrogenomonas and Saccharomyces. The results indicated th a t such 
in teraction is re lative ly  specific, i.e . not every heterotroph is capable 
of stim ulation but a given autotroph and a particu lar heterotroph are  
necessary fo r the stim ulation to  occur. Pan and U m breit noted, from  
general observations, th a t autotrophic cultures are very easily contaminated 
by heterotrophs which re ly  on carbon fixed by the autotrophs, and th a t
contaminated autotroph cultures are more vigorous and do not die o ff as 
readily. They concluded th a t such specific m utual interaction is im portant 
in autotroph growth and th a t i t  probably occurs to  a significant extent in 
the natural environment* The influence of n itrific a tio n  on the dissolved 
oxygen balance of stream s below sewage outfalls and other sources of pol­
lution w ith  organic m a tte r has stim ulated research in to the dynamics of 
n itrific a tio n . Due to  the high rates of n itrific a tio n  observed in such 
situations i t  has generally been assumed th a t Nitrosomonas and N itrobacter 
are overwhelmingly responsible. As mentioned earlie r routine isolation 
and enumeration of both autotrophs is d iffic u lt. In order to  overcome 
this problem Buswell e t a l (1954) examined the relationship between the 
growth ra te  constant fo r Nitrosomonas (K-p) and the n itr ite  form ation  
ra te  constant (1%), In pure culture the ra tio  K ^ /K p  was constant and 
uninfluenced by incubation tem perature. Values fo r  and Kp were
0.50 and 0.55 respectively a t 15°C and 0.94 and 1.12 respectively a t 20°C.
The tem perature-coefficient fo r the growth ra te  constant was 8.2% 
increase of existing value per °C increase. Buswell e t a l considered i t  
ju stifiab le  to  assume th a t the ra tio  is constant under varying conditions 
and th a t the Nitrosomonas population can be estim ated by measuring the 
amount of metabolic n itr ite  present. Both Buswell e t a l (1954) and Knowles 
e t a l (1965) recognised th a t application of these relationships in the 
prediction of n itrific a tio n  in stream s must be based on a knowledge of 
the stream  conditions which a ffe c t the growth ra te  constant. S im ilarly , 
in order to  quantitatively describe the a c tiv ity  of n itrify in g  organisms in 
natural system s, i t  is also necessary to  know the saturation constants of 
th e ir substrates under the relevant environmental conditions. Knowles 
e t a l (1965) observed n itrific a tio n  in aerated batch cultures of w ater fro m  
the Thames estuary, incubated under constant conditions. Using an 
electronic computer the values of the kinetic constants and the in itia l 
concentration of organisms were determined by best f i t  to  the observed 
data. I t  was acknowledged th a t the observed growth constants could 
represent an average fo r a mixed population. The growth constants of 
Nitrosomonas and N itrobacter were 0.45 and 0.7 respectively a t 13.9°C  
w ith tem perature coefficients of 9.5% and 5.9% increase of existing value
per °C increase respectively. Dissolved oxygen concentration had l i t t le
influence on the growth constants except below threshold values of 2 mgA 
fo r Nitrosomonas and 4 mgA fo r N itrobacter when they decreased with  
decrease in dissolved oxygen concentration. The saturation constants
w ith tem perature coefficients of 11,8 % and 14,5% respectively. Laudelout 
and Van Tichelen (1960) determined the saturation constant fo r  n itr ite  a t 
1.4 mgA a t 14°C. Knowles e t a l (1965) also found th a t both autotrophs 
die fa ir ly  rapidly when aerated in the absence of substrate.
S tratto n  and M cCarty (1967) described a method fo r the prediction  
of dissolved oxygen demand due to  the biochemical oxidation of inorganic 
reduced nitrogen compounds, using a d ig ita l computer to  estim ate ra te  
param eters fo r  the two step n itrific a tio n  process. Dependence of 
growth and saturation constants on environmental conditions as w ell as the 
specific stra in  of organism, indicated th a t samples from  a particu lar 
stream  must be tested in order to  evaluate the correct param eters fo r  
th a t body of w ater. Rate param eters were determined from  observations 
of n itrific a tio n  during batch culture of a stream  w ater sample to  which 
ammonia-N or n itrite -N  was added. The changes in concentration of 
substrate nitrogen, as measured a t various in tervals , was used in con­
junction w ith an equation (given below) derived by the authors, to  determ ine 
the best least squares f i t  of ra te  constants and in itia l concentration of 
n itrify in g  bacteria which described the observed substrate decrease.
( Ks ) loge
t  = tim e , days
a ~ yield constant, mg bacterial mass/mg substrate
k = substrate u tiliza tio n  constant, mg/day/mg of organisms
Ks ~ saturation constant, mgA
M 0  = in itia l viable bacterial mass
fo r ammonia-N and n itr ite -N  were 0.4 and 0.6 mgA respectively a t 15°C ,
substrate concentration, mgAwhere
t
(Mc + aCQ)
Yield constants were estim ated from  theoretical considerations 
to  be 0.29 and 0.084 mg bacteria (dry wt*)/m g fo r  ammania-N and n itr ite -N  
respecitively. An organism decay param eter was also estim ated by best 
f i t  to  experimental resu lts . The above equation was derived from  a 
relationship proposed by Monod (1942) fo r  the growth of organisms.
Substrate u tiliza tio n  constants, w ith 5 mgA in itia l N , fo r  ammonia 
-N  and n itr ite -N  were 1.05 and 4.36 per day respectively. The tem perature 
coefficients fo r substrate u tilizatio n  determined by S tratton  and M cCarty 
and other workers (Buswell e t a l, 1954; G a rre tt, 1961; and Knowles, 1965) 
were 7-9% and 6 % increase of existing value per °C increase fo r  ammonia 
and n itr ite  respectively.
In contrast w ith Knowles e t a l (1965) saturation constants were 
found not to  be tem perature dependent. S tratton  and M cCarty commented 
th a t since the magnitude of the saturation constant is highly dependent 
upon the lower substrate concentrations, which are inherently d iffic u lt to  
measure, i t  was fe lt  th a t no defin ite  conclusion could be made regarding 
the variation of the saturation constant w ith tem perature. Using values 
obtained as above the course of n itrific a tio n  and the ra te  of dissolved 
oxygen uptake were successfully predicted in two synthetic riv e r w ater 
samples. A part from  the admission th a t n itrific a tio n  due to  organisms 
attached and growing on the stream  bed were not considered, S tratto n  and 
M cCarty concluded th a t, ’’The magnitude of the kinetic param eters fo r  
this model can be readily estim ated under conditions closely approximating 
those of the natural environment by use of a d ig ita l computer to  d eter­
mine best f i t  param eter values from  the results of simple n itrify in g  
batch te s ts .1* Wezemak and Ganncn (1970) considered the la tte r  s ta te ­
ment to  be plainly naive. These workers severely critis ized  the work of 
S tratto n  and M cCarty (1967). In particu lar they critic ized  the use of 
four unknown param eters (yield constant, substrate u tiliza tio n  constant, 
saturation constant and in itia l bacterial mass), and concluded th a t 
S tratto n  and McCarty*s claim  of "demonstrated predictive value" was 
somewhat overstated. Wezemak and Gannon (1968) commented, w ith  
reference to  S tratton  and M cCarty (1967), th a t in addition to  the tim e  
element involved in estim ating the necessary param eters, a laboratory
procedure has the disadvantage th a t the param eters thus obtained do not 
necessarily re fle c t conditions found in a flowing stream . However i t  was 
conceded th a t batch culture Simulation may be acceptable fo r  large rivers  
where conditions are less variable than in a sm all stream  (Wezemak and 
Gannon, 1970). Wezemak and Gannon (1968) described a procedure which 
was used to  successfully evaluate n itrific a tio n  progression in a r iv e r.
From  basic principles they derived the equation.
y = A1Q0C t-a  
T T lo 3 c t = a
where, y = substrate utilised, mgA
/
A = upper lim it of oxidisable substrate, mgA
t  = tim e
a = substrate oxidation constant
oc = substrate oxidation ra te  constant
In previous work (Wezemak and Gannon, 1967), d irect measurements 
of oxygen u tilizatio n  in n itrific a tio n  indicated th a t 3.22 mgA and 1.11 mgA 
of oxygen were required to  oxidise 1 mgA ammonium-N to  n itr ite -N  and 
1 mgA n itr ite -N  to  n itra te -N  respectively. These values were lower than 
the values of 3.43 and 1.4 reported previously (S tratton  and M cC arty , 1967) 
as oxygen released during carbon dioxide f  ixation was taken in to  account. 
Thus, Nitrogenous Oxygen Demand (NOD) = 3.22y^ + l« U y 2
= 3.22 ( A ilO ° f l . t ' al )  + 1.11 ( A-)10oc2*:~a2 )
(1 + 10°*1, ) (1 + 10oc2t-a2 )
where ammonia-N » subscript x
n itr ite -N  = 11 2
Param eter evaluation involved sampling along the riv e r under study a t  
in tervals , and analysing fo r inorganic nitrogen components. As ammonium 
ions might be incorporated into organic molecules, ammonia-N oxidised 
was determined an the basis of an increase in oxidation products. Also 
errors due to  ammonia assim ilation were elm inated. N itr ite -N  was 
calculated on the basis of increased n itra te -N . I t  was assumed th a t 
preference fo r  ammonium would preclude the assim ilation of n itra te  by 
algae. A fte r  determ ination of tim e of passage, a minimum of 3 samples
along the study section were taken: one a t the beginning to  evaluate the  
upper lim its  of ammonium-N and n itrite -N ; one near the beginning (b); 
and ate near the end (c), A  simple plot of log io f^ /A -y) versus tim e gave 
a s tra igh t line w ith  slope <xy
i.e . oc = log (y /A -y )0... -  log (y /ft-y k
t
Using a semi-log p lo t, y /A -y  can be read o ff the graph and y easily 
determined fo r  any value of t .  By measurement of the param eters in 
3 samples the dynamics of n itrific a tio n  and NOB were successfully 
predicted in a riv e r on two occasions* In itia l ammonium-N concentrations 
were 2.86 and 8,3 m gA  w ith  w ater tem peratures of 24°C and 21°C 
respectively.
hi reply to  c ritic ism  of the above technique, Wezemak and Gannon 
(1970) explained th a t i t  was not intended as a means fo r  the comprehensive 
evaluation of n itrific a tio n  in stream s, but ra th e r, sim plifying assumptions 
were introduced to  provide a manageable technique.
Substantially less work has been done on d e n itrif ication although 
the potential significance of the process in badly polluted rivers and 
estuaries has been w ell established, Wheatland and Game son (1958) 
observed th a t, in the Thames estuary, about 20% of the oxidisable nitrogen  
entering the estuary was oxidised to  n itra te  and then reduced to  molecular 
nitrogen. The reduction of n itra te  gave a to ta l e ffe c t equivalent to  a 
quarter (140 tons) of the oxygen supplied by absorption from  the atm osphere, 
as n itra te  was used f  or the oxidation o f organic m a tte r but the subsequent 
reoxidation of the nitrogen was not required. From  continuous and batch 
culture experiments w ith diluted sewage they concluded th a t d e n itrifie s tim  
could alm ost certain ly occur in the Thames estuary in the presence of 
dissolved oxygon up to  about 5% of the a ir-satu ratio n  value. According 
to  Wheatland e t a l (1959) i t  is generally considered th a t n itra te  can ac t 
as an a lternative to  oxygen in the cocidation processes which occur in 
certain  bacterial ce lls , but th a t oxygen is p referentially  used, N itra te  
being f ir s t  reduced to  n itr ite  and then nitrous oxide, nitrogen, or 
ammonia depending on the organism involved. Escherichia c d i.
Clostridium  welchii and Agrobacterium radicbacter were cited as being
able to  reduce n itra te  to  n itr ite  and thence to  ammonia whereas 
Pseudomonas d e n itrlf icans gave nitrogen as the only end product.
Wheatland e t a l (1959) performed continuous and batch culture experi­
ments w ith  diluted settled sewage. In two continuous flow experiments 
denitrifcation ceased when 0.53 and 0.58 ppm (6.5 and 10.5% saturation a t 
25°C) respectively of dissolved oxygen were present. Under anaerobic 
conditions, rates of n itra te  reduction were 7 and 10 mg N /l/d a y . N it r i­
fication  began a t 9.9% saturation (0.8 ppm). Thus i t  was postulated th a t 
the borderline between n itrific a tio n  and den itrification  was in the region 
of 7% saturation of dissolved oxygen although the results obtained a t  
d iffe re n t tem peratures suggested th a t concentration ra th er than per-
i
centage saturation of dissolved oxygen was more im portant. The results  
indicated th a t den itrifica tio n , once i t  has begun, may continue in w ater 
containing low concentrations of dissolved oxygen and under suitable 
conditions, denitrifcation may s ta rt before a ll traces of dissolved oxygen 
have disappeared. In the la tte r  case a lag period may occur before n itra te  
is utilised ju st as reported fo r anaerobic conditions. The reduction of 
n itra te  to  n itr ite  was less affected  by the presence of dissolved oxygen 
than the reduction of n itr ite  to  nitrogen, which was consistent w ith  obser­
vations of the oxidation-reduction potentials a t which these processes 
occur. In one batch experiment the gas evolved from  a m ixture of Thames 
mud, estuarine w ater, sewage and n itra te  contained 98% nitrogen. 
Wheatland e t a l (1958) considered th a t in sewage polluted w ater the. 
reduction product would probably be nitrogen. Skerman and MacRae (1957) 
attem pted to  correlate n itra te  reduction by Pseudomonas denitrificans  
w ith oxygen concentration in solution. The results indicated th a t n itra te  
reduction only occurs when the oxygen concentration is below the c ritic a l 
level a t which the oxygen utilis ing enzymes are saturated. Data on the 
quantitative relationship between n itra te  reduction and oxygen reduction 
a t oxygen concentrations between 0 and 3 ppm were lacking but i t  was 
established th a t n itra te  reduction occurring in so called "aerated" solutions 
was mainly due to  the a c tiv ity  of cells deprived of an oxygen supply and 
there was a d irect relationship between n itra te  reduction and the oxygen 
solution ra te . No reduction was detectable above 0.2 ppm dissolved
oxygen. Jannasch (1960a) found th a t the form ation of nitrogen and nitrous 
oxide by Pseudomonas s tu tze ri occurred in w ater (containing 0.05% oxidisable 
organic m a tte r and 0.008% n itra te ) under aerobic conditions i f  suspended 
particu late m a tte r was present. A gitation effected an increase of oxygen 
uptake but a t the same tim e a delay of den itrifica tion . No true "aerobic 
denitrification" was found. Jannasch (1960b) studied the sensitiv ity  of 
den itrification  by Pseudomonas s tu tze ri to  accompanying algal (Chorella) 
photosynthesis. The results showed th a t oxygen produced by the algae 
inhibited the form ation of nitrogen from  n itra te . The quantitative aspects 
of the relationship were influenced by particu lar cu ltural conditions. In some 
cases inhibition was delayed because oxygen was utilised by the d e n itrifye r 
fa s te r than i t  was produced by the algae. I t  has been shown th a t n itra te  
disappears from  w ater overlying muds even when the w ater is saturated  
w ith a ir  (Edwards and RoUey, 1965). From  an examination of oxygen and 
n itra te  consumption and the production of ammonia in mud cores fro m  two 
riv e rs , Edwards and Rolley (1965)concluded th a t:- a) cores w ith  high rates  
of oxygen consumption tend to  have high rates of n itra te  consumption: b) 
the consumption of n itra te  is related to  its  concentration in the overlying 
w ater: c) the consumption of oxygen is not a ffected  by changing the con­
centration of n itra te  in the overlying w ater. No conclusions concerning 
the relation between ammonia production and the consumption of oxygen 
and n itra te  could be made from  the resu lts .
In his review Painter (1970) observed th a t very few  organisms 
have been reported to  be able to  d en itrify  under highly aerobic conditions 
in pure culture, and th a t th e ir a b ility  to  do this in com petitive mixed 
cultures had not been tested. Rates cited fo r  n itra te  removal in samples 
of riv e r w ater and mud varied from  0,01 to  0,005 mg N /l/h r  (D.S J .R ., 1963). 
P ainter (1970) commented th a t demonstration of aerobic den itrification  in  
rivers (in situ ) is d iffic u lt, largely because the penetration of oxygen 
in to  mud deposits is lim ited  by diffusion w ith  the resu lt th a t anaerobic 
conditions exist a t some distance below the surface.
The importance of fixation  in the nitrogen balance o f flowing 
waters has not yet been determ ined, however i t  is generally accepted th a t 
nitrogen fixation  acts as a source of nitrogen and perm its continued 
organic production when the supply of fixed nitrogen becomes depleted
(Brezonik, 1972). A considerable amount of data exists concerning 
nitrogen fixation  by blue-green algae in lakes. Dugdale e t a l, 1959 (cited 
by P a in te r, 1970) observed fixation  rates of 0 .1 -0 .7 /ig  N /l/d a y  w ith values 
sometimes as high as 0.8 jug N /l/d a y  in two Wisconsin lakes. Fixation  
occurred even in the presence of ammonia (55 jug N /l)  and n itra te  (35 jug 
N A ). P ain ter (1970) also cited work by Wilkinson (1964) and Rheinheimer 
(1965), Wilkinson suggested th a t discrepancies in the nitrogen balance of 
a riv e r system were derived from  fix a tio n , though the possibility of riv e r  
mud as a source of nitrogen appeared not to  have been considered. Although 
Azotobacter and Clostridium  were isolated, Rheinheimer found th a t 
fixation  only played a sm all p a rt in the nitrogen balance of the Elbe. The 
expense and d iffic u lties  associated w ith  tra c e r techniques have 
precluded routine and detailed investigations of nitrogen fixation in aquatic 
environments (Brezonik, 1972). However Stew art e t a l (1967) developed a 
simple indirect method of determining nitrogen fixation  ra tes . The 
method utilised the property of the nitrogen fixing enzyme complex to  
reduce acetylene to  ethylene, which can be sensitively and easily determined 
by gas chromatography.
Most investigations concerning the nitrogen balance have been 
performed on rivers which have been subjected to  a marked degree of 
pollution, and consequentially in which availabiHty of fixed nitrogen has 
not been a relevant param eter to  study. This situation may be compared 
w ith so il, in which fixation  is highly relevant and has received concomitant 
atten tion . S im ilarly the e ffec ts  of the growth and decay of bacteria , 
phytoplankton and aquatic plants would be re la tive ly  more im portant in 
less polluted w aters. Also the examination of nitrogen transform ations  
other than n itrific a tio n  in mixed aquatic communities has been exacerbated 
by the large numbers of species involved (P a in ter, 1970).
A number of workers (Wheatland and Gameson, 1958; Wheatland 
e t a l, 1959; Botan e t a l, 1960; Edwards and Rolley, 1965; Knowles e t a l, 
1965; S tratto n  and M cCarty , 1967) have attem pted to  examine nitrogen 
transform ations occurring in rivers and stream s using batch or continuous 
culture. Laboratory simulation o ffers  an opportunity to  study functions 
occurring in a particu lar environment under more controlled conditions.
The fundamental efficacy of this approach is questionable, however its  
potential use as a tool appears considerable. Work on laboratory sim­
ulation of aquatic environments is somewhat patchy and lacking in general 
direction, consequentially batch culture simulations of aquatic habitats 
w ith special relevance to  the projected experimental work, have been 
reviewed below.
Batch culture simulation has been utilised in two ways. Some 
workers (e.g. Coake, 1967; Gorden e t a l, 1969) have attem pted to  obtain 
reproducible microecosystems which were not intended to  represent any 
particu lar environment, but m erely to  act as models fo r  studies of 
general trends w ithin ecosystems. Other workers have attem pted to  
sim ulate a particu lar environment in order to  study the dynamics of 
particu lar functions occurring w ithin th at environment under more 
controlled conditions. Coake (1967) set up 18 replicate 300 m l batch 
systems inoculated w ith identical aliquots of a m ature microcosm  
developed from  a fa rm  pond sample. The cultures were incubated in the 
light without aeration or s tirrin g , and studied in term s of photosynthesis, 
resp iration, biomass, biochemical d iversity , e tc . A m ature ecosystem  
was considered to  have been reached when levels of biomass and metabolism  
were stable. Gorden e t a l (1968) set up 130 replicate 125 m l batch systems 
inoculated w ith identical aliquots of a 1 y r old microcosm developed fro m  
a sample taken from  a sewage holding pond. The organisms present had 
survived the constant growth conditions imposed upon the system . The 
cultures were incubated in the light w ithout s tirrin g  or aeration. Although 
a ll component species were physically present in the microecosystem a t  the  
s ta rt of the succession they were not functionally present. Succession 
involved changes in bacterial numbers and dominant types, photosynthesis/ 
respiration ra tio , community metabolism , particulate and dissolved 
organic m a tte r, algal numbers and dominant types, and s tra tific a tio n  of 
the system . B acteria were the pioneers w ith lowest numbers on day 1 
w ith an exponential increase to  a peak on day 5 which declined to  a secondary 
low density on day 45. Rapid changes in bacterial numbers required daily 
counts fo r the f ir s t  two weeks. I t  was concluded th a t the bacterial 
number, chromogenic types and functions were comparable to  those known
in lakes, ponds and reservoirs and th a t biomass increase, species diversity  
and productivity followed trends expected in the development of la rg er, 
open systems.
In response to  a report by W hittaker (1961) of a to ta lly  non­
correlated , order of magnitude d ivers ity , in the development of systems 
having common origins and parallel trea tm en t, Abbott (1966) examined the  
assumption th a t microcosms are reproducible. Eighteen replicate 16.5 1 
microcosms were set up containing sea w ater and sediment. The m icro­
cosms were incubated in the lig h t, s tirred  and the a ir  space flushed con­
tinually w ith a ir . Tem perature was not controlled as Beyers (1962) did 
not find this to  be a c ritic a l fa c to r. The mean reaeration constant was 0.54 
mg C>2/l/hc/100% d e fic it. Endogenous nutrient levels varied slightly  
(nitrogen) or greatly (phosphorous) among replicate systems fo r  reasons 
which were not apparent. I t  was concluded th a t under proper conditions 
aquatic microcosms show rep licab ility  comparable to  th a t found among 
replicated units in various other types of s ta tis tic a l tr ia l; i.e . paralle l 
systems can be established and studied in rigorously defined experiments 
but only on a s ta tis tic a l basis.
Botan e t a l (1960) constructed a simple 10 1 batch culture to  
provide an aerobic environment s im ilar to  the upper w ater layer of a 
marsh in order to  determine the kinds and numbers of microorganisms 
concerned in the aerobic decomposition of nitrogenous m a tte r in fresh­
w ater and to  assess the contribution of each to  the process. The reacto r 
was fille d  w ith 10 1 filte re d  marsh w ater containing 1 g dried, s te rile  
plankton. The sample was s tirred  and the apparatus flushed w ith  s te rile  
a ir  which was passed through an ammonia trap  before entering and upon 
leaving the reactor. Incubation tem perature and lighting conditions were 
not given. Four experiments were performed lasting 72 h rs , 50 days, 120 
days and 95 days respectively.
In itia l heterotrophic bacterial counts of 5.4 x 10^/m l to  7.1 x lO'V  
m l gave maximum counts of 1.6 to  4 x lo fy m l a fte r  1 -4  days. The per­
centage of chromogens, in itia lly  20-60%, was reduced by the end of a ll the 
experiments w ith  minimum values of 0.5-20%. In a ll the experim ents, 
ammonia-N (in itia lly  0.28-3.5 mgA) rose sharply to  a maximum (2.2-3.8 m gA)
in 1-5 days then declined during the remainder of the experim ent, but 
never to ta lly  disappeared (minimum, 0.8-1.36 m gA). N itr ite -N  never 
exceeded 0.2 m gA, presumably, because rapid oxidation of n itr ite  to  
n itra te  prevented accumulation. N itra te -N  did not increase significantly  
u n til a fte r  ammonia had reached its  peak. A fte r  reaching its  maximum 
concentration (1.1-3.8 mgA) n itra te -N  remained constant. Nitrosomonas 
and N itrobacter counts were monitored in one experiment. In itia l counts 
of Nitrosomonas (4.6 x lo V m l) and N itrcbacter (8.2 x 10V*nl) increased 
to  2.4 x lo V m l and 1.0 x 10*Yml respectively a fte r  5 days w ith  maximum 
counts ^oth 1 x 10?) on day 95. N itrific a tio n  coincided w ith  the in itia l 
bloom of autotrophs.
Hydroxylamine was present a t the beginning of the experiments 
but disappeared within 2 days. Heterotrophic oxidation to  n itr ite  was 
suggested as i t  was considered th a t the autotrophic n itrify in g  population 
would be too sm all. In addition, Bo tan e t a l (1960) determined the bio­
chemical characteristics of isolates from  the environment and batch 
cultures using standard laboratory procedures such as the gelatin stab and 
n itra te  reduction te s t. These results were combined w ith s im ilar results  
from  other workers and equated w ith functions observed in the environment 
or batch culture. Such unsubstantiated causality relationships are m is­
leading because even i f  the nu tritional and the other physico-chemical 
factors in a habitat are favourable fo r  a species, the growth and function  
of th a t species is by no means certa in , since competition w ith  other 
species could be lim iting  (P a in ter, 1970).
In th e ir study oh the e ffects  of low concentrations of dissolved 
oxygen on d en itrific a tic n , Wheatland e t a l (1959) considered th a t the 
conditions in batch culture would be generally sim ilar to  those in the Thames 
estuary. A batch culture of 20% settled sewage w ith added potassium  
n itra te  to  give 40 ppm n itra te -N  was aerated w ith  d iffe re n t n itrogen / 
oxygen m ixtures. A part from  effec ts  on oxygen solubility incubation 
tem peratures of 25, 18 and 12°C did not give significantly d iffe re n t 
results fo r den itrification .
Gates e t a l (1969) studied the consumption of glucose by hetero­
genous bacterial populations under controlled conditions in a laboratory
batch reac to r, in the presence of stream  w ater and sewage in a batch 
culture, and in a natural but polluted stream . In previous work (Gates 
e t a l, 1966; Mancy and Gates, 1966; Gates and M a rla r, 1968) i t  was 
found th a t bacterial substrate interaction was not expressible by f ir s t  
order kinetics. Based on the assumption th a t a batch process is equiva­
len t to  a continuous plug flo w , fo r  the purposes of bacterial process 
kinetics, a complete mix batch culture reactor was used to  sim ulate the 
dynamic oxygen conditions in a stream * The apparatus consisted of a 
plexiglass reactor containing 4 1 of medium maintained a t constant 
tem perature and agitated w ith a variable speed s tir re r . The mass tran s -
♦ ife r  coeffic ient fo r dissolved oxygen, (day ) was used to  ra te  and 
select turbulence level in the reactor. Laboratory studies were performed 
using a pure substrate (glucose) in a defined medium under controlled 
conditions (including use of a stock culture inoculum). In a ll experiments 
the substrate u tiliza tio n  ra te  f ir s t  increased then decreased w ith  tim e  
as the substrate was exhausted. The position of the in flection point was 
dependent upon in itia l biomass and substrate concentrations and the 
substrate saturation constant. The saturation constant decreased as 
turbulence (K ^ )  increased. In fie ld  studies the u tilizatio n  of a pure 
substrate (glucose) was examined in a natural stream  compared w ith  a 
batch reactor w ith stream  w ater as the medium. The batch culture 
was run fo r 25 hrs a t the same tem perature as the stream . The reactor 
study using stream  w ater established th a t the pattern  of glucose u tiliz ­
ation in an undefined medium was not significantly d iffe re n t fro m  th a t 
observed fo r highly constrained laboratory conditions. In the stream  
study glucose was pumped into the stream  a t a ra te  proportional to  the 
stream  flow , such th a t the in itia l concentration of glucose was tim e  
independent. Samples were taken along the stream  a fte r  the steady s ta te  
had been established, thus glucose concentration was a function of tim e of 
trav e l. D ilution e ffec ts  were determined using a sodium chloride tra c e r. 
The results indicated th a t simulation of the prim ary biological processes 
of stream  assim ilation can be adequately studied in a laboratory batch 
reactor. Gates e t a l cautioned th a t this was not to  imply th a t the 
reactor-stream  correlation had been fu lly  established but to  indicate th a t
a very strong base was developed which could w ell serve fu ture  studies 
dealing w ith higher orders of complexity. The following conclusions were 
made:
a) The Monod model very adequately expressed the nature of the 
u tiliza tio n  of a specific, detectable substrate in a wide variety  of conditions 
including a nautrual stream .
b) Laboratory batch cultures can provide considerable insight in to  what 
takes place in a stream  particu larly  w ith reference to  biological processes.
c) Turbulence can have a considerable im pact on the ra te  of bacterial 
substrate u tiliza tio n  particu larly  a t low substrate concentrations.
d) The measurement of the overall tran s fe r coefficient fo r  oxygen may 
be a technique fo r  expressing the e ffe c t of turbulence on bacterial a c tiv ity  
which is system indepndent.
In essence batch culture simulation involves the encapsulation of a 
portion of the ecosystem in order to  control the influence of external 
param eters. The valid ity  of results obtained in batch culture sim ulation 
rests to  a large extent on whether or not encapsulation has modified the 
environment to  a significant degree. The m ajor physical m odification  
fo r  planktonic samples is the presence of the container surfaces. The 
e ffec ts  of solid surfaces on bacterial growth during the storage of sea 
w ater was f ir s t  studied in d eta il by Zobeli and Anderson (1936). The 
densest bacterial populations occurred in the b o ttles  of w ater which 
offered the largest area of glass surface per unit volume of w ater 
irrespective of to ta l volume. Sim ilar results were reported by Whipple 
(1901) fo r  freshw ater. Zobeli and Anderson found th a t while a layer of 
glass beads or sand in the bottom  of the b o ttle  increased the surface area 
per un it volume, the additional solid surface affected  only th a t p a rt of 
the w ater which was in the proxim ity of the glass beads or sand. Also 
the e ffe c t of large surface areas cnly occurred in dilute nu trien t solutions 
(less than 10-100 ppm organic m a tte r). Heukelekian and H eller (1940) 
cited S tark , Stadler and McCoy (1938) who found th a t organic m a tte r  
accumulated on the surface of chemically clean glass sHdes suspended in 
s te rile  lake w ater, w ithin a few hours. Zobell (1943) found th a t the 
ra tio  of bacteria occurring on solid surfaces seemed to  be influenced by
the concentration and kind of organic m a tte r present, the proxim ity of 
the solid surface to  the w ater mass, and the duration and tem perature of 
incubation. Soft glasses were more d iffic u lt to  clean than harder glasses 
(Pyrex) and significantly the greatest bacterial increases were observed in 
bottles made of s o fte r glass, Zobell (1938) considered the following 
mechanisms to  be of possible significance:-
1) Solid surfaces concentrate nutrients and exoenzymes by absorption 
or otherwise.
2) In terstices a t  the tangent of the bacterial cell and solid surface 
may serve as concentration fo c i which re tard  diffusion of exoenzymes and 
m etabolites favouring both digestion and absorption of nu trien ts.
3) In terstices may aid production of optim al oxidation-reduction 
potential or other physico-chemical conditions*
4) Many marine bacteria are known to  be obligate periphyies which are  
active only on a solid surface, Staley (1971) found th a t prosthecate 
bacteria comprised about 1% of the to ta l bacterial flo ra  of a freshw ater 
stream . Heukelekian and H eller (1940} demonstrated th a t aeration and 
agitation increase the number of bacteria in surface waters by v irtu e  of 
increasing the in ternal surface of the liquid and consequent contact 
between the organisms and th e ir food m ateria l, They also noted th a t in 
addition to  increased surface/volume relationships during storage of w ater 
samples, there is also a relationship between the stream  bed and the w a te r, 
in which the active biological slime may remove bacteria from  the w ater 
and prevent an increase in number. Thus a d iffe ren tia tio n  should be made 
between in ert surfaces and the active surfaces of slim es. Also they 
commented th a t once a biologically active slim e is established on surfaces, 
the ra te  of biological reaction is greatly accelerated.
B o tt and Brock (1970) described a method fo r  the assay of protein  
attached to  coverslips using an adaption of P ric e d  m odification (P rice , 
1965) of the Lowry protein assay (Lowry e t a l, 1951). Prelim inary  
experiments showed th a t the procedure quantitatively extracted protein  
from  bacterial cells. B o tt and Brock compared the quantity of attached  
protein w ith  the d irect microscopic count during colonisation of glass 
coverslips immersed in the Jordan R iver and T rin ity  Springs (a cold sulphur
spring). The ra te  of increase in protein was sim ilar to  th a t of bacterial 
numbers w ith 1 jug protein equivalent to  2,2 x 10^ and 9 x 10? bacteria fo r  
T rin ity  Springs and the Jordan R iver respectively. I t  was found th a t a fte r  
the c ritic a l period of colonisation the bulk o f organisms th a t appeared on 
the coverslips arose from  previously attached cells. They concluded th a t 
the method perm its the assay of low bacterial numbers and should be, 
useful in oligotrophic w aters or in the study of early colonisation stages 
in eutrophic w aters. A lim itatio n  m ight be in habitats where fre e  protein  
may be present in the w ater, B o tt and Brock (1970) cited a review of 
methods used fo r quantifying periphyton (Sladeckova, 1962). The methods 
were ineffective fo r  cells as sm all as bacteria or fo r substrates cn which 
population densities were low.
The quantitative measurement of nitrogen cycle components has 
introduced a number of problems into studies of nitrogen balance. P ainter 
(1970) concluded th a t w ith  present methods imbalances of nitrogen must be 
greater than 10% before they can be used as evidence fo r losses or gains 
by processes not measured d irectly . Most of the analytical techniques 
s u ffe r from  drawbacks such as lack of specificity or sensitiv ity . Measure­
ment of n itra te  presents some of the biggest problems. W aters (1964) 
obtained up to  20% variation depending on method when he measured n itra te  
in 10 samples (4-10 ppm n itra te -N ) using 5 d iffe re n t methods. The 
variation was a ttribu ted  to  varying e ffec ts  of in terfering  substances and 
to  incomplete conversion of the n itra te  in to  another d istinct molecular 
species which was assayed (e.g. 2:6-xylenol method and reduction w ith  
Devarda’s alloy). The phenol disulphonic acid method was excellent fo r  
n itra te  in re la tive ly  pure solutions but sensitivity to  in terference from  
chloride, organic m a tte r and colour in the sample precluded its  application 
to  some w aters. The brucine method was less accurate, giving 95% con­
fidence lim its  of 2.0 jug (2 m l sample) in a range of 0-20 jug, but was much 
less sensitive to  in terference. W aters concluded th a t there is a lack of 
inform ation on the range, precision and accuracy of many of the methods 
fo r  determining n itra te -N  in natural w aters. Standard Methods (1965) 
cited two methods which i t  considered su ffic ien tly  standardised. The 
phenol-disulphonic acid method was prone to  in terference, involved a
lengthy procedure and a 150 m l sample, but gave an accuracy of -0 .1  ppm 
a fte r  elim ination of in terference. The brucine method was less prone to  
in terference, involved a simple procedure and a 2 m l sample, but results  
from  7 laboratories showed a standard deviation of -0.49 mgA fo r  a sample 
containing 1.1 mgA n itra te -N . Petriconi and Papee (1971) used the brucine 
method to  measure n itra te  in trace amounts (less than 1 ppm). They found 
th a t tem perature e ffec ts  were the major cause of inconsistencies and 
th a t suitable tim ing of the procedure together w ith fresh  and properly 
purified reagents were necessary in order to  obtain dependable and 
reproducible results. Standard Methods (1965) described a diazotisation  
method fo r  the detection of n itr ite  which was sensitive to  in terference  
from  nitrogen trichloride and free  chlorine. The procedure was simple 
and used a 50 m l sample. A standard deviation of -0.03 mgA was obtained 
among 43 laboratories w ith a sample containing 0.25 mg/1 n itr ite -N . The 
nesslerization method fo r  ammonia-N (Standard Methods, 1965) was suitable 
fo r  50 m l samples containing more than 0.2 mg/1 and gave *5% accuracy. 
In terference from  aliphatic and arom atic amines, organic chloramines, 
acetone, aldehydes and alcohols yielded a yellowish or greenish o ff colour 
or a tu rb id ity  on addition of nessler reagent. D is tilla tio n  of the sample 
before nesslerization gave increased sensitivity and elim inated most 
in terference. For organic-N the Kjeldahl method was described which 
gave an accuracy of -5% up to  1 mg/1 using nesslerization i f  a 500 m l 
sample was used. In a ll cases speedy processing of the sample was 
considered essential to  preclude unwanted changes in the nitrogen balance 
during storage.
The v o la tility  of ammonia can also be a problem. Parker (1961) 
emphasised th a t care must be taken to  prevent contamination of apparatus 
or reagents by ammonia in the atmosphere or by alkaline dust. He found 
th a t the smoke from  the end of a cigarette or pipe contains large amounts 
of ammonia and together w ith new paint and calcareous dust from  w all 
plaster was impHcated in cases of contamination. Loss of ammonia fro m  
a sample or culture may also be a problem. According to  P ain ter (1970), 
Pokallus (1963) claimed th a t 17% of the nitrogen in a solution containing 
500 mg ammonia-N / I  buffered a t pH8 was lo st in 1 h r, while Symons e t a l
(1963) reported a loss of 7 mg N /l in 24 hr from  a liquid containing 100 mg 
ammonia-N A  a t an unspecified pH. Rate of aeration and pH have been 
determined as the most im portant fac to rs .
The significance of bacterial counts in m icrobial ecology is a 
problem of great im portance, considering the ubiquitous use o f bacterial 
counts in microbiology. I t  is generally accepted in descriptive biology 
th a t the numbers of a particu lar organism in an environment are indicative 
of the degree of adaptation to  th a t environment. The m ajority  of bacteria  
isolated from  freshw ater are commonly found in a wide range of freshw ater 
habitats , and th e ir presence does not necessarily indicate any environmentally 
significant metaboKc a c tiv ity . However bacterial counts in w ater always 
imply an estim ate of th e ir overall a c tiv ity  (Jannasch, 1965).
Essentially there are two methods of counting bactera: 1) by 
counting of discrete colonies on solid media following suitable inoculation and 
incubation and 2) by d irect observation and counting of individual organisms. 
Enumeration of viable bacteria by observing the macrocolonies 
they eventually form  presents a number of in trinsic problems. In the 
same way th a t bacterial populations adjust to  natural conditions, they 
adjust to  a r tific ia l conditions of cultivation (Jannasch, 1958), F o r example, 
in order to  obtain visible bacterial colonies i t  is necessary to  increase the 
form ation of reaction products. Korsh (1961) observed th a t a large pro­
portion of the w ater m icroflora was composed of organisms which became 
adapted to  existence in reservoirs, where the nu trien t concentration was 
low. The high concentrations of nutrien t substances in standard nu trien t 
media were fa ta l fo r  these bacteria or markedly retarded th e ir grow th, a t 
least in the f ir s t  generations. Media are "per se" selective, consequentially 
i t  is impossible to  obtain a " to ta l count" fo r a complex natural population, 
Jannasch (1965) considered th a t counting a p a rtia l population is not only 
technically more accurate but more helpful in the characterization of the 
habitat. Although he cautioned th a t the growth of a species on a selective 
medium does not indicate th a t the same metabolic action takes place in 
the natural environment and th a t the to ta l a c tiv ity  of the bacterial 
population is not indicated by the size of a p a rtia l population. There is
no way of te lling  whether a cdcny has been formed from  one organism or 
from  a clump of hundreds. In natural waters many bacteria have a tendency 
to  fo rm  aggregations (Jannasch, 1958 and 1965), The distribution of 
plahktonic bacteria on membrane f ilte rs  led Jannasch to  suggest th a t the 
main source of e rro r in the plating method may be the clumping e ffe c t.
Enumeration by d irect observation and counting of individual cells 
also presents inherent d iffic u ltie s . D iffe ren tia tio n  between viable and 
non-viable cells is impossible, and there is no reason to  suppose th a t the  
percentage of inactive cells is constant or usually low (Jannasch, 1965),
In samples from * natural w aters i t  is often d iffic u lt to  d iffe re n tia te  
bacteria from  d etritu s .
A part from  the fundamental problems outlined above, particu lar 
techniques may influence the count obtained. Microscopic to ta l counts 
are norm ally subject to  a system atic e rro r th a t exaggerates the count.
Fo r example, the depth of a counting chamber may vary considerably 
depending on how i t  is set up (Postgate, 1967), Of ten the influence of 
a particu lar technique is dependant on the nature of the original sample, 
Clark (1967) compared pour and surface plate methods fo r  the enumeration 
of bacteria in w ater from  a poultry plant. For certain strains the surface 
method gave markedly higher counts while w ith  other strains no difference  
was observed. The surface plate method was recommended especially 
where the e ffec ts  of the pour plate procedure on the m icroflora is not 
known. To ta l counts were on average 69% higher using the surface 
technique. F o r lake samples Jones (1970) found th a t spread plates gave 
significantly higher counts than p a ir plates. He also found th a t the p late  
dilution frequency technique (see appendix) of H arris and Sommers (1968) 
compared favourably fo r  viable counts a t 20°C but a t 10°C counts were 
much higher on spread plates. Confidence Hm its were less satis facto ry  
fo r  the plate dilution frequency technique than fo r spread plates. H arris  
and Sommers (1968) found th a t the plate dilution frequency technique and 
spread plate counts compared favourably using a selection of pure cultures 
and a soil suspension (incubation tem perature not given). They concluded 
th a t the plate dilution frequency technique could be applied successfully 
to  the broad spectrum assay of physiologically d iffe re n t organisms in
complex systems w ith a greater overall fle x ib ility  and scope, but somewhat 
less precision than comparable m icrobial enumeration methods. The 
variation between counts using d iffe re n t techniques is often considerable. 
Jannasch (1965) compared six techniques using identical samples of sea 
w ater. Macrocolonies on membrane filte rs  were insignificantly b e tte r 
(x 1.16) than plate count; a "most probable number" technique and m icro- 
colonies on membrane filte rs  gave considerably higher counts (x 21.8 and 
32.1 respectively); d irect count on membrane filte rs  gave x 147.0 and the 
Cholodny technique x 2,100. Jannasch commented th a t, from  general 
experience only 1.0 to  10% of the bacteria present in aquatic environments 
can be detected by the enumeration of grown colonies. Korsch (1961) 
quoted Rasumov (1932, 1953) who found th a t Kochfs method detected only 
1% of the m icrobial flo ra  of effluents and only 0.1 to  0.01% of the flo ra  of 
dean waters determined d irectly  on membrane filte rs .
The numerical discrepancy between counts w ith d iffe re n t techniques 
has been ascribed to  a number of facto rs besides those already mentioned. 
Jannasch (1958) found th a t b acteria l population densities determined^ by d irect
f t  '
count exceeded those by plate count in natural waters of varied nu trien t 
content, except very dean w aters. N u trien t availab ility  was also linked 
w ith the clumping of bacteria in natural w aters. He found th a t d irect 
counts failed to  give to ta l counts because form s occur which are d iffic u lt 
to  distinguish microscopically on the membrane surface. Jannasch cited  
Conn (1948) who observed th a t sm all coccoid form s are characteristic of the 
indigenous m icroflora of natural substrates. Korsh (1961) found th a t in 
clean reservoirs coccoid form s predominated (60-85%), while in polluted 
reservoirs rod-shaped bacterial form s predominated (75-85%). However 
in a ll cases the percentage of rods was much higher on the culture plates 
than in d irect counts (Jannasch, 1958). Taylor (1942) found th a t of 671 
cultures isolated from  lakes and streams on sodium caseinate agar only 
0.7% were cocci. A re la tive ly  low colony count from  natural w aters can 
be caused by a low percentage of proteolytic form s within the m icrobial 
population (Jannasch, 1965).
A part from  the numerical differences between counts the enumera­
tion of d iffe re n t morphological types is also apparent. Fo r example, in
one sample Jannasch (1965) observed an abundant stalked bacterium  
(Caulobacter) but the organism failed to  grow on agar plates.
Jannasch (1965) concluded th a t:- "The fu rth e r elaboration and 
application of counting techniques fo r  characteristic types of bacteria  
is more im portant and more indicative than to ta l counts .. . . . . . . . . . . . . . . .
The development of new methods in m icrobial ecology has also to  consider 
the dynamic aspects of bacterial growth response to  environmental 
conditions. S till, taking counts w ill be a valuable tool as long as the 
results undergo appropriate in terpretation ,"
In order to  devise a suitably controlled counting procedure a number 
of im portant factors must be taken in to  account.
The nu tritional composition of the medium has a great influence 
on the types and numbers of bacteria isolated. In aquatic microbiology 
the population is usually complex, containing diverse bacterial types. A 
number of workers have attem pted to  obtain a growth medium giving the 
maximum possible count, which, while re flecting  the variety  of natural 
substrates, could be made up w ith  reasonable reproducibility. The la tte r  
requirem ent excluded the addition of riv e r or lake w ater or humic sub­
strates which, while known to  increase counts, would not be o f consistent 
quality. Hopton (1970) compared counts fro m  freshw ater on complex and 
synthetic media. He found th a t a disproportionate number of colonies 
recovered from  a complex medium was subsequently found to  grow on syn­
th etic  media, Hopton reasoned th a t many bacteria in w ater may be present 
as single cells and whether or not a single cell can develop in to  a colony on a 
particu lar medium may depend on the degree to  which protein turnover can 
take place to  adapt to  the new environment w ithout prejudicing the survival 
of the cell. The degree of turnover needed would depend on the history of 
the ce ll and the constitution of the new medium. Hopton cited Postgate 
and Hunter (1963), who determined th a t the survival of single cells from  
a dying population was higher on a rich medium than on a minimal medium. 
Jones (1970) compared counts of freshw ater bacteria on media containing 
a variety  of organic and inorganic components. The casein-peptone-starch 
(CPS) medium of Collins and Willoughby (1962) gave the maximum possible 
count w ith  96% of the samples compared w ith  Tryptone-glucose-yeast 
extract agar and P late  count agar (Standard Methods, 1965). Also the
colonies on CPS were sm aller and discrete whereas on the other media, 
a t 20°C and 10°C , they tended to  be larger and overlap, resulting in 
decreased counting accuracy. The inorganic components of CPS affected  
the count to  a greater extent than did the organic substrates. Staples 
and F ry  (1973) compared CPS w ith  R iver w ater agar, Sewage ex tra c t agar, 
N u trien t agar, Sodium caseinate agar, and P late  count agar fo r  counting 
heterotrophs in polluted and unpolluted w aters. They found th a t CPS was 
the most suitable medium in both dean and polluted w aters. However CPS 
gave the lowest count fo r  a sample of sewage e fflu en t. Rushke and Kohn 
(1970) found th a t Moutonagar was b e tte r than richer media fo r  p late counts 
of w ater samples. They also demonstrated th a t adjusting the pH of the  
medium to  th a t of the w ater sample gave a significant increase in the 
bacterial count.
The problems associated w ith  the use of agar fo r  the enumeration 
of bacteria have been examined by Mallmann and Breed (1941) and M arshall, 
Whiteside and Alexander (1960). Agar is a complex pdysaccharide which is  
resistant to  a ttack by most bacteria , however traces of nutrients always 
appear to  be available even in highly purified agars which allow growth to  
occur. Fo r example, Jones (1970) preferred to  use Ionagar No. 2 (Oxoid) 
in CPS medium because i t  supported the growth of few er bacterial colonies 
in the absence of a carbon source than the BDH find powder mentioned by 
Collins and Willoughby (1962). In order to  elim inate the e ffec ts  of nutrients  
in the gel base, inorganic siHca gel bases have been prepared (Winogradsky, 
1949; Tem ple, 1949; Funk and Krulwich, 1964; Skerman, 1967; Sommers 
and H a rris , 1968; and Roslycky, 1972). However the preparation of a 
suitable siKca gel base has proved d iffic u lt. The following observations 
have been reported: plates prepared by Winogradsky’s technique were too  
s o ft, those by Temper were too cloudy (Funk and Krulw ich, 1964), those 
by Funk and Krulwich contained excessive phosphate (35-40 g/1) (Sommers 
and H a rris , 1968); and the reagents used by Sommers and H arris (1968) 
were unstable (Roslycky, 1972). Also w ith  the exception of the technique 
of Funk and Krulwich (1964) the methods of preparation were complex and 
tim e consuming. The e ffe c t of the gel base on the type of bacteria 
isolated from  a complex natural population can be considerable. F o r
example, autotrophic n itrify in g  bacteria w ill only grow when a silica gel 
base is used (Winogradsky, 1949). In estim ations of p a rtia l populations, 
on a nu tritional basis, the use of a defined gel base would be of obvious 
value.
I t  would appear from  the lite ra tu re  th a t the to x ic ity  of diluent 
waters and w ater used in media was not often considered. However i t  has 
been shown th a t w a te r, especially d istilled  w ater can k ill various species 
of bacteria rapidly (Straka and Stokes, 1957). Straka and Stokes cited  
B u tte rfie ld  (1932) who found th a t the number of bacteria in natural w aters  
may decrease as much as 60% in 30 min when diluted in d istilled  w ater. 
Gossling (1958) examined the e ffec ts  of changes in os^motic pressure, pH, 
anions and cations on the v iab ility  of bacteria in suspension. He found 
th a t certain  changes in the ionic environment produced a loss in v iab ility  
inptare cultures of various bacterial species and a yeast. Loveless and 
Painter (1968) compared the influence of "crude*1 d istilled  w a te r, tw ice
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distilled w ater and demineralised w ater (using B iodem inrolit, The Perrruftit 
Co. L td .) on the growth ra te  of Nitrosomonas. "Crude" d istilled  w ater 
to ta lly  suppressed growth, while the other waters did not a ffe c t growth. 
EDTA removed the inhibition, indicating th a t heavy m etal ions fro m  a tin  
s till were the toxic agents. The carry over of toxic ions during the 
preparations of d istilled w ater is thus a potential source o f e rro r.
I t  is of ten assumed th a t a counting range of 30-300 colonies per 
plate is sa tis facto ry , however Niemala (1965) and Staples and F ry  (1973) 
found l i t t le  s ta tis tic a l evidence fo r  choosing this range, and Jones (1970) 
found th a t counts of more than 150 colonies/plate had excessively large  
variances, which could be due to  overcrowding and inhibitory e ffe c ts . 
Postgate (1967, 1969) reasoned th a t, from  a s ta tis tic a l standpoint, i t  is 
necessary to  count a t  least 200-300 colonies while e ffec ts  due to  interaction  
require the count to  be spread over 5 plates.
I t  was concluded fro m  the H teratu re  reviewed above, th a t no 
established research pattern  could be applied d irectly  to  the study of 
pollution e ffec ts  on the nitrogen cycle in flowing w aters. Most of the 
studies concerned w ith  nitrogen transform ations were restric ted  to
relationships w ith particu lar environmental variables in specialised 
situations (e.g. the influence of n itrific a tio n  on the oxygen balance below 
sewage outfalls) and were not orientated toward the relevance of changes 
in the nitrogen cycle to  the ecology of the environment. A lso, in aquatic 
m icrobial ecology, as a whole, there is a lack of suitably evaluated 
techniques available fo r  synecological studies. In the present work i t  
was decided to  evaluate the su itab ility  of batch simulation fo r  the study 
of the nitrogen balance in m ildly polluted, m ature riv e r system s, and its  
m odifiestion by pollution.
MATERIALS AND METHODS
A . BATCH CULTURE APPARATUS
A l Small Vessel (300 m l)
Two identical vessels (F ig . 3) were used. B efore each experim ental 
run the in ternal surface of the vessels and tubing were washed w ith  deter­
gent, acid washed in hot IN  hydrochloric acid, then rinsed three tim es in 
distilled  w ater and sterilized  by autocaving (120°C fo r  20 mins). The flow  
inducer circulated the w ater constantly a t a ra te  of 300 m l/h r. The 
incubation tem perature of 14°C was maintained by p a rtia l immersion in a 
w ater bath under to ta lly  dark conditions. Samples of riv e r w ater (300 m l) 
were obtained in s te rile , acid washed b o ttles.
A 2 Large Vessel (10 1)
The borosilicate glass vessel (Q uickfit F V  10L), B , shown in F ig . 4 
had a nominal capacity of 10 1; overall height, 37.5 cm; d iam eter, 22.0 cm; 
and flange bore, 10.0 cm. The flanged top (Q uickfit MAF 2/53) was fit te d  
w ith a screw cap, ground sleeve type s tir re r  gland (Q uickfit ST 2 0 /2 ), D; 
s te rile  a ir  input, F , and output, G; sample p o rt, K; and retaining cHps, J. 
The glass fixed paddle s tir re r  (Q uickfit ST 12), C , was driven two inches 
below the sample surface a t  between zero and 300 rpm by a th y ris to r con­
tro lled  Citenco FHP m otor (KQTS/11), E . The tem perature in the sample 
vessel was controlled by p a rtia l immersion in a perspex w ater bath , A .
The tem perature <£ the w ater bath was maintained a t  14°C ±0.02°C using 
a Churchill C hiller Therm o-C irculator, L . The w ater in the bath was 
changed every minute (70 1 /hr). To tally  dark conditions were maintained 
by a covering of aluminium fo il. The w ater flow  pattern  w ithin the sample 
was determined using dye crystals.
As shown in F ig . 5 , a ir was pumped (2 Rena Super Aquarium Pumps) 
in to  the system a t 410 m l/m in through two steriliz in g  filte rs  (M illip o re , 
Swinnex-25 holders containing 0,22 u membrane f ilte r s , GSWP 025 00) in 
parallel to  give a complete a ir  change in the sample vessel every 3 \  m in. 
Ammonia was removed from  the s te rile  a ir  by passage through a 35 cm x 
25 mm diam eter column (Q uickfit) containing 2-3 mm diam eter glass beads 
moistened by a continuous stream  of boric acid solution (4 g Analar anhydrous
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boric acid, BDH, in 11  deionised w ater). The flow  ra te  of boric acid 
solution (110 m l/m in /trap ) was maintained using a W ats on-Marlow MHRE 
200 Mk H I flow  inducer fitte d  w ith  a m etal double dam p trade (type T ) 
and 4.8 mm bore, 1.6 mm w all thickness silicon rubber tubing. Passage 
through the column also served to  saturate the a ir  w ith  w a te r, thus pre­
venting evaporation losses from  the sample. S terile  deionised w ater was 
added to  the boric acid solution reservoir in order to  m aintain the in itia l 
concentration. Any droplets of boric acid solution carried over in the 
airflow  were trapped in an empty Dreschel b o ttle  before entry in to  the 
sample vessel. A ir  leaving the sealed sample vessel was passed through an 
ammonia trap  followed by a sterilizing  f i l t e r .
B . CALIBRATION OF STIRRER SPEED W ITH RESPECT TO THE RATE 
OF OXYGEN TRANSFER 
The sample vessel was fille d  w ith d istilled  w ater (10 1) which was 
deoxygenated by scrubbing w ith  nitrogen gas u n til the oxygen level approached 
zero saturation as measured on an £  J .L . portable oxygen m eter. The space 
above the w ater was rapidly flushed w ith a ir  and the s tir re r  s tarted  a t the 
selected speed. The oxygen saturation level was determined a t in tervals . 
The log oxygen d e fic it (% saturation) was plotted against tim e to  give a 
stra ight line from  which the overall mass tran s fe r co effic ien t, Kjva (day ) , 
was calculated. The d iffe re n t m otor settings (1-10) were calibrated w ith  
respect to  s tir re r  speed and values. The results from  reaeraticn  
studies are shown in F ig . 6a, b and c. The values of derived from  the 
reaeration studies are lis ted  in Table 1 together w ith  s tir re r  speed and 
m otor settings.
Experim ent No. M otor Setting S tirre r  Speed (rpm ) Kj   ^ Value
1 10 300 1.680
2 10 300 1,737
3 10 300 1.682
4 10 300 1.770
5 7 260 1.390
6 5 220 1.332
7 2 170 0.935
8 2 170 1.095
9 2 170 1,030
Table 1
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The linear relationship between K j^  and s tir re r  speed is demonstrated in 
F ig . 7.
Calculation of oxygen tran s fe r ra te :-
In the plots shown in F ig , 6 a , b and c , 
log oxygen d e fic it = + c
where, t  = tim e and c = the in tercept.
The ra te  of oxygen tran s fe r a t a constant s tir re r  speed and 
tem perature is proportional to  the oxygen d efic it* The oxygen d e fic it was 
determined from  the log oxygen d e fic it vs. tim e plot a t t^ and t 2 > and 
expressed as mg 0 2 /V h r  fo r  the oxygen d e fic it a t
e.g. Calculation of the ra te  c£ oxygen tran sfer a t m otor setting 5 fo r  a
1 0 0 % oxygen d e fic it.
Given, = -1*3 (w ith respect to  oxygen d e fic it) and oxygen concentration 
a t 100% saturation (14°C) = 10.35 mg/1
Then, oxygen d e fic it a fte r  1 min = antilog (-1.3 x 1 + 2.0000)
(60 x 24 )
= antilog 1.9991
= 99,793% saturation
Oxygen tran sfer ra te  = (100 -  99.793) x 60 x 0.1035
= 1.29 mg 0 2 / l /h r  a t  100% d e fic it
C. DETERMINATION OF ATTACHED GROWTH
The colonization of glass surfaces during batch culture of riv e r  
w ater was investigated. The bottom  o f a 100 mm square plastic R epli- 
dish (Dyas L td .) was removed to  give an open la ttic e  into which acid-washed 
coverslips (Chance No. 2 , 22 mm x 26 mm) were lodged. Glass slides were 
stuck to  the base of the holder in order to  keep i t  upright. The coverslips 
and holder increased the to ta l solid surface area exposed to  the sample by 
approximately 5%. The coverslips were placed in the culture vessel and a t  
periodic intervals coverslips were removed and examined by quantitative  
analysis of attached protein or by observation o f the organisms present.
C l Attached Protein Assay
The analytical technique described below was based on th a t o f B o tt 
and Brock (1970).
Reagents:- Reagent A , 2% w /v Na2 COg in 0.1 N NaOH; Reagent B - l ,  5%
w /v CuSO^.S^O; Reagent B -2 , 10% w /v potassium sodium ta rtra te ;
Reagent B , 1 vol. each of B - l and B -2 w ith  8  vol. w ater, fresh ly made daily; 
Reagent C , 50 vol. Reagent A w ith 1 vol. Reagent B , fresh ly made daily. 
Reagents A , B - l and B -2 were replaced every 3 m ths. F d in ’s phenol 
reagent (BDH) was stored a t 4°C and a fresh batch obtained every 3 m ths. 
Absorbance was determined using a Unicam SP600 Series 2 Spectrophotometer 
w ith  m icrocell attachm ent (Pye-Unicam).
C l (a) Analysis:- The procedure was devised fo r  8  samples in two sets 
of 4.
Tim e (min)
Set 1 Set 2
1) Crush coverslips in a m ortar and tran s fe r to  
10 x 75 mm test-tu b es, (Crushing too fin e  
produces unwanted turb id ity)
2) Add Reagent C (0.4 m l) to  each tube and cover 
w ith P ara film ,
3) Place in a boiling waterbath. Turn o ff w a te r-
bath and leave 30 m in. 0 0
4) Place the samples in a waterbath a t 25°C and
leave fo r  a t least 10 min to  cod. 30 30
5) Add Folin’s reagent diluted 1:2 w ith  w ater 
(0.04 m l) and mix w ithin 3 sec. Repeat pro­
cedure fo r individual samples respectively a t  
30 sec in tervals. Return to  the 25°C w aterr
bath and leave fo r  30 min. 40 50
6 ) Read absorbance a t 750 nm in glass microcells
(0.4 m l) w ith a 1 cm lig h t path. 70 80
C l(b ) Preparation of Standard Curve:- Reagent C was added to  0.01 m l 
of a standard lysozyme solution or demineralised w ater blank, and analysis 
performed as from  step 2. A stock solution of crystalline lysozyme (BDH) 
a t 5 m g/m l was prepared in demineralised w ater and stored a t 4°C .
Standard solutions a t 0 .2 , 0 .6 , 1 .0 , 2 .0 , 3 .0 , 4.0 and 5.0 m g/m l were 
prepared in demineralised w ater on the day of use. The standard curve was
prepared using duplicate standards and reagent blank,
Lysozyme (jug) Absorbance
Duplicates Mean
1 2
0 (Reagent blank) 
2 
6
0.000
0JL2B
0.368
0.620
0.910
1.240
1.520
1*850
0.015
0*123
0.348
0*520
0.940
1.220
1.520
1.850
0.008
0.126
0.358
0.570
0*920
1*230
1.520
1.850
10
20
30
40
50
Table 2
A log vs* log plot gave a linear relationship (Fig. 8 )*
C l(c ) Recovery of lysozyme from  coverslips:- 0,01 m l aliquotes of each 
standard were placed onto acid washed coverslips using an 0 * 1  m l p ipette.
The coverslips were dried in an oven a t 45°C and attached protein was 
determined using the complete procedure. This experiment was performed 
on the same day as the Standard Curve determ ination using the same reagents. 
Duplicate coverslips were used fo r  each standard including a reagent blank, 
and the mean values fo r  lysozyme detected were plotted against lysozyme 
applied (Fig. 9), The results showed a recovery of g reater than 85% in a ll 
standards although the percentage loss increased w ith  the amount of lysozyme 
applied.
C l(d ) Reproducibility te s t:- The e ffe c ts  of d iffe re n t stages in the 
procedure on the reproducibility of the results were examined. The results  
are shown in Table 3. The results indicated th a t a standard e rro r introduced 
during step 3 of the analysis occurred throughout the range of standards and 
became significant (coeffic ient of variation >  5%) below 10 ^tg protein .
Routine determ inations:- The following standards were used.
Reagent blank (steps 1-3 om itted)
2  fig lysozyme on a coverslip 
1 0  jxg " 11 ” "
1 0 . 0 A bs o rb a n c e
(7 5 0  nm)
TTT TT
80 60 40 20 10 8 6 4 2
Lysozyme (/jg)
F i g .  8 .  P r o t e i n  a n a l y s i s  ( s t a n d a r d  c u r v e )
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C l(e) Extrapolation of results to  the culture vessel
The surface area of the culture vessel exposed to  the sample 
= 2252.3 cm2
The surface area of a coverslip = 11.4 cm
The amount of nitrogen as protein on the exposed surfaces
of the culture vessel = 31.6 x
Given the average nitrogen content of protein = 16% (Flonkin and 
S to tz , 1963) and where x = the amount of protein (jig )  per coverslip).
According to  lerusalim skii (1966) the cell composition of bacteria  
is , w ater 75-85% and protein 50-80% dry w t. Given th a t bacterial density is 
ljlength 2.0 ju; diam eter 0.5 p ,  Then volume = 0.3927 y?
and weight = 0.3927 x 10~^g  
Assuming protein constitutes 15% bacterial wet w t.
1 pg protein = 1.7 x 10^ bacteria
C2 Microscopic Examination
M ateria l attached to  coverslips was stained w ith  crystal v io le t and 
examined using a L e itz  Orthoplan microscope. Photographs were taken on 
Ilfo rd  Pan P film  using the L e itz  Qrfhom at photographic system .
C3 Attached growth on coverslips immersed in the R iver Wey
The coverslip holder mentioned above was mounted as shown in F ig .
1 0 , the coverslips being held in place by rubber band stretched between 
steel rods. In me of the two holders used the clear plastic surround was 
blacked out to  prevent d irect sunlight from  fa lling  on the coverslips.
The two holders complete w ith coverslips were suspended 0.3 m above the 
bottom  (w ater depth, 0.4 m) in the R iver Wey a t Eashing near Guildford, 
Surrey. Three coverslips were removed from  each holder a fte r  2 , 6 , 10 
and 14 days. Two coverslips were analysed fo r  attached protein and one 
was examined under the microscope.
P . SELECTION OF MEDIA
P I Medium fo r Maximum Count
Three media were chosen fo r  testin g :-
(i) Moutonagar, MA (Rusche and Kohn, 1970).

N utrien t broth (BDH) 1.3 g
Ionagar No. 2 (Qxoid) 10.0 g
Deionised W ater
(B iodem inrolit, P erm u tit) 1 1
The pH of the medium was adjusted to  th a t of the sample. Then the medium
was autodaved a t 120°C fo r 25 min.
(ii) Casein-peptone-starch, CPS medium (Collins and Willoughby, 1962) 
w ith a m odification by Jones (1970)
F e C lj 4 drops of an 0.1% solution
k 2 hpo 4 0 . 2 0  g
MgS04 0.05 g
Soluble casein hydrolysate (Difco) 0.50 g
Bactopeptone (Difco) 0.50 g
Soluble starch (BDH) 0.50 g
Glycerol (BDH) 1 . 0 0  g
Ionagar No. 2 1 0 . 0 0  g
Deionised W ater 1 . 1
Salts were autoclaved individually a t 120°C fo r  15 min then added aseptically 
to  the bulk of the medium which had been autoclaved a t 120°C fo r  25 min.
(iii) R iver w ater ex trac t of riv e r sediment agar, RWRS.
River w ater (1100 m l) was added to  1 kg of wet sediment and auto­
claved a t 120°C fo r  30 min. The m ixture was allowed to  cool and s e ttle , 
then i t  was filte re d  and the volume adjusted to  1  1 ,
N utrient broth 1,3 g
River sediment ex trac t 1 1
Ionagar No. 2 10.0 g
The pH was adjusted to  th a t of the sample and the medium was autoclaved 
a t 120°C fo r  25 min.
B acteria l counts from  a sample of riv e r w ater were determined on 
MA incubated a t 10°C and 25°C. A sample of riv e r w ater was diluted in 
s te rile  deionised w ate r, 1:9 then 1:4 to  5.0 x 10“^. Spread plates were 
prepared from  0 . 1  m l aliquots dispensed aseptically w ith 0 , 1  m l pipettes onto 
20-25 m l media in 15 cm p e tri dishes (S terilin ). Five repHcates of each 
dilution were used.
Incubation (days) Count (per ml)
10°C 25°C
3 3.6 x 103 1 . 8  x 1 0 s
6 8 . 8  x 1 0 4 2 . 6  x 1 0 s
14 2 . 2  x 1 0 5 2 . 6  x 1 0 s
17 2.5 x lO 3 2 . 6  x 1 0 s
27 2.5 x 1 0 s •
Table 4
The maximum counts obtained a t both tem peratures were alm ost identical, 
however growth dynamics were more easily observed a t 10°C. I t  was con­
sidered th a t the lower incubation tem perature would fa c ilita te  the 
comparison of the three media.
The three media were tested as fo llow s:- A sample of riv e r w ater 
was diluted in s te rile  deionised w ater 1:9, then 1:4 to  10~3 and spread plates 
were prepared on each medium as above, w ith  5 replicates of each dilution. 
Incubation was aerobic a t 10°C. As shown in F ig . 11, CPS gave the highest 
count but growth was slower than on MA. MA and RWRS gave larger 
colonies w ith  a greater incidence of pigmentation than CPS. The higher 
counts on CPS were possibly due to  reduced overgrowth during the in itia l 
period of incubation. CPS was chosen fo r routine use because, in addition 
to  giving the highest count, i t  also has a semidefined composition.
D2 D iffe re n tia l Media
The following media were used routinely to  give d iffe re n tia l counts:-
Medium I
Glucose 0.4 g
Starch 0.4 g
Ionagar No. 2 10.0 g
Deionised w ater 500 m l
Double Strength Basal M ineral Salts
Medium, DSBMSM (Skerman, 1967) 500 m l
Medium H
Glucose 0.4 g
Starch 0,4 g
(NH4 )2 S04  0.5 g
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500 m l 
500 m l
0.4 g 
0.4 g 
0.3 g
1 0 . 0  g
500 m l 
500 m l
Glucose 0.4 g
Starch 0.4 g
NaN02  0.25 g
Ionagar No. 2 10.0 g
Deionised w ater 500 m l
DSBMSM 500 m l
DSBMSM was autoclaved separately (120°C £ 6 r  15 min) and the remainder 
was autoclaved a t 120°C fo r  25 min.
P3 Silica gel based media
The possible use o£ silica gel as a solidifying agent fo r  nu trien t 
media in routine work was investigated. Four methods o£ preparing the 
silica gel base were tested.
Method 1 :- A sterilised s ilic ic  acid sol was prepared as described 
by Skerman (1967) using 1R-120 A m berlite resin (BDH). Silica gel plates 
were prepared as described by Skerman.
Method 2 :- As described by Funk and Krulwich (1964) using e ither 
silica gel or s ilic ic  acid from  BDH.
Method 3 :- As described by Sommers and H arris (1968a) using 
1R-12Q AmberHte resin instead of Dowex 50W-X8.
Method 4 :- As described by Roslycky (1972).
Method 1 gave a very s o ft gel which was prone to  break up during the 
spreading of an inoculum. Also the silicic acid sol was only stable fo r  1-2  
weeks. Method 2 consistently gave a firm  gel. Method 3 proved to  be
Deionised w ater 
DSBMSM
Medium HI
Glucose
Starch
NaN0 3
Ionagar No, 2
Deionised w ater
DSBMSM
Medium IV
unreliable, the most common problem being solidification of the equilibrated 
potassium silicate  solution during autoclaving. Method 4 was found to  be 
too complex and tim e consuming fo r  routine use. Also the rapid ageing of 
the media added to  the unacceptibility of this method. Method 2 gave the 
best gel and was convenient fo r  routine use*
P lates produced using Method 2 required drying before inoculation.
The most convenient and e ffec tive  drying technique was as fo llow s:- A fte r  
pouring the plates were le f t  fo r  1  h r, then the w ater of syneresis was 
aseptically removed. The plates were le f t  overnight a t 37°C , then le f t  
open in a lam inar flow  s te rile  a ir  cabinet fo r 1  h r p rio r to  inoculation.
Silica gel bases, prepared by Methods 1 and 2 , combined w ith  a 
"complete” nutrien t medium were compared w ith  CPS fo r  the enumeration 
of bacteria in freshw ater. The "complete" nutrien t medium contained a 
basal m ineral salts medium (Skerman, 1967) w ithout (NH^)2 SO^; glucose, 
0.04%; starch , 0.04%; casein hydrolysate, 0.05%; bactopeptane, 0.05%; 
and glycerol, 0.1%, In two experiments lake w ater was diluted 1:9 to  10“  ^
and spread plates prepared using 0.1 m l inocula. Five replicates of each 
dilution per medium were used. Incubation was fo r  6  days a t 25°C in a 
m oist atmosphere.
Experim ent Count (per ml)
Silica gel CPS
1  2
X 8.1 x lO 3  8.5 x lO 3  1.96 x lO 4
2 7.2 xXO 3  7.7 xXO 3  2.1 xXO^
Table S
The results indicated th a t the silica gel base was inhibitory or the lonager was 
stim ulatory. The form er seemed more likely  as a "complete" and indenti- 
cal range of nutrients was available and also Ionagar is a purified agar. The 
apparent inhibitory action of the silica gel bases rendered thejft unsuitable. 
fo r routine use as solidifying agents in the current study.
E . COUNTING PROCEDURE
Samples were diluted in s te rile  deionised w ater dispensed aseptically  
by Cornwall syringe in to  s te rile  screw top bo ttles. Tria ls  showed th a t i f  
the w ater was dispensed prio r to  autoclaving, then about 0.5 m l in 9 m l of 
diluent was lo st by evaporation.
Spread plates:-* 0,1 m l o£ the diluted sample (2-fo ld  dilutions) was 
dispensed onto the surface of the agar and spread evenly using a s te rile  
glass spreader. Five replicates of each dilution were used routinely. The 
plates were incubated aerobically fo r 6  days a t 25°C , then colonies were 
counted on plates of suitable dilution (40-100 colonies per p late),
P late  dilution frequency technique:- Method as described by H arris  
and Sommersf 1969 (see appendix) using 4 -fo ld  seria l dilutions. S terile  
media (24 m l) was aseptically dispensed in to  bisected p e tri dishes (S terilin ). 
The plates were dried overnight a t  37°C s then stored in plastic bags u n til 
used. Incubation was fo r  6  days a t 25°C.
F . CHEMICAL ANALYSIS
F I  N itra te
The brucine method was adapted fro m  Standard Methods (1965), 
Reagents were as given in Standard Methods. In addition to  the precautions 
mentioned in Standard Methods the following were found to  be crucial fo r  
accurate and reproducible resu lts:- 
(i) Analar grade chemicals m ust be used.
(ii) A ll glassware must be kept very clean by acid washing in hot N HC1 
and rinsing three tim es in d istilled  w ater.
(iii) The samples and standards must be tim ed individually throughout the 
analysis, especially during the period of colour development in the dark. 
Procedure fo r  two sets of 4 samples
Tim e (min)
Set 1 Set 2
1) P ip ette  2 m l sample in to  a 50 m l beaker
2) Add 1 m l brucine reagent a t 30 sec 
intervals between each sample p and leave fo r
2  m in. 0  8
3) Add the sample plus reagent to  a second 
beaker containing 1 0  m l strong acid solution 
a t  30 sec intervals between each sample.
Im m ediately mix by pouring from  one beaker to
another six tim es and leave in dark fo r  1 0  m in. 2  1 0
N i t r a t e  (ppm N)
 - I- ---------------------- 1------------------------1------------------:------1----------------;--------»
2 4 6 8 10
F i g .  12 a » N i t r a t e  a n a l y s i s  ( f i n a l  t e s t  r u n s )
N i t r a t e  (ppm N)
---------------- ;---------- 1— >--------------------1   t —  1 ■' »
2 4 6 8 10
F i g .  12b .  N i t r a t e  a n a l y s i s  ( f i n a l  t e s t  r u n s )
Time (min)
S et 1 S et 2
4) P ip ette  10 m l d istilled  w ater in to the 
empty beaker then mix as above w ith  the 
sample + acid + brucine a t 30 sec intervals  
between each sample , and leave to  cool in 
the dark fo r  30 min. 12 20
5) Determ ine absorbance (410 nm) a t 30 sec 
intervals between each sample w ith  a 1  cm light 
path. 42 50
N 3 . Samples must be treated in the same order throughout.
The results obtained on four occasions using a fu ll range of standards 
are shown in Figs. 12a and 12b. Results varied from  day to  day depending on 
the room tem perature and the heat capacity of the particu lar type of beaker 
used. The results showed th a t there is a linear relationship between n itra te  
concentration and absorbance in the range 2.5-7.5 ppm N . The w aters under 
study contained in excess of 2.5 ppm and m ost contained less than 7.5 ppm. 
Therefore in routine analysis i t  was decided to  use standards of 3 .5 , 5.0 and . 
7,5 ppm and to  dilute samples containing more than 7.5 ppm accordingly. A 
fresh  stock solution was prepared every three months and fresh  standards 
were prepared every week. Fo r routine use a d istilled  w ater blank and three  
standards containing 3 .5 , 5.0 and 7.5 ppm N as NO3  were chosen.
F2 N itr ite
The method was derived from  the technique in Standard Methods (1965) 
which required a 50 m l sample. Reagents were as given in Standard Methods.
Procedure fo r  two sets of 4 samples:-
Tim e (min) 
Set 1 Set 2
1) Take 5 m l sample
2) Add 0.1 m l o f EDTA to  samples a t 30 sec 
intervals between each sample. M ix w ell and 
leave 2  min. 0  7
3) Add 0.1 m l sulphanilic acid reagent a t 30 
sec intervals between each sample. M ix w ell
Time (min)
S et 1 S et 2
and leave 1 0  min. 2 9
4) Add 0.1 m l naphthylamine hydrochloride 
reagent a t 30 sec intervals between each 
sample. Mix w ell and leave 2 mins. 12 19
5) Add 0.1 m l sodium acetate b u ffe r a t  
30 sec intervals between each sample. M ix 
w ell and leave 2 0  min. 14 21
6 ) Read absorbance a t 520 nm , 1 cm ligh t 
path a t 30 sec intervals between each sample 34 41
N JB. Samples must be treated in the same order throughout.
The stock solution was freshly prepared every six weeks and standards 
were freshly prepared daily. The results obtained on three occasions w ith  
a fu ll range of standards are shown in Fig. 13, The graphs showed th a t the 
relationship between n itr ite  concentration and absorbance was perfectly  
linear in the range of standards used. For routine use a d istilled w ater 
blank and three standards containing 0.02, 0.06 and 0,12 ppm N and NO2  
were chosen.
F3 Ammonia
The d irect nesslerization method (Standard Methods, 1965) was 
modified in order th a t a 10 m l sample could be used. Reagents were as 
described in Standard Methods, except th a t the EDTA and NaOH solutions 
were diluted 1 in 9.
Procedure fo r  6  samples
Tim e (min)
Stage I
1) Take 10 m l sample.'
2) Add 0,1 m l zinc sulphate a t 10 sec intervals  
between each sample. Mix well and leave 2 m in. 0
3) Add 0.5 m l 0.6 N NaOH (to  give pH 10.5) a t 10 
sec intervals between each sample. (For Organic N
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samples d istilled in to boric acid, 1 . 7  m l 
NaOH was required). Allow to  stand fo r  15 min. 2
4) C la rify  by centrifugation (3,000 rpm fo r  15 
min). 17
Stage I I
5) Take 10 m l of the supernatant and add 2 drops 
of EDTA solution. M ix w ell and leave 10 min. 0
5) Add 0.4 m l Nessler's reagent. Mix w ell and 
leave 2 0  min. 10
7) Measure absorbance a t 420 nm using 2 cm ligh t 
path. 30
As only two 2 cm cells were available in stage H step tim es were 
staggered by 0,20 sec, 1.40 m in, 2 m in, 3.20 m in, and 3.40 min respectively 
fo r  6  samples.
Results from  fo u r runs, using a range of standards, are shown in 
Fig. 14. As shown by the graphs a linear relationship was observed between 
ammonium concentration and absorbance. I t  was found th a t the technique 
is sensitive to  tem perature. A t tem peratures above 23-25°C tu rb id ity  was 
found to  occur w ithin a few minutes of adding Kessler's reagent.
The stock ammonium solution was kept in a fridge a t 4°C and a fresh  
solution was prepared every six weeks. Standards were prepared once a week. 
For routine use a d istilled  w ater blank and three standards containing 0 .2 ,
0 , 6  and 1 . 0  ppm N as ammonia were chosen.
F4 Organic Nitrogen
Method as given in Standard Methods (1965).
G. EXPERIMENTAL PLAN
G1 Small Vessel
Two experiments were performed using the 300 m l culture vessels 
lasting 10 and 16 days respectively. In the f ir s t  experiment (G la) n it r ite , 
n itra te  and bacterial count were monitored continuously in duplicate vessels. 
In the second experiment (Gib) the surface area exposed to  the sample in one
vessel was doubled by the addition of glass slides and the bacterial count only 
was monitored. Spread plates (CPS) were used fo r  bacterial counts.
G2 Large Vessel
The following experiments were carried out in the 10 1 vessel. 
Experiments G2a and G2b utilised the spread plate and the remainder the 
plate dilution frequency technique fo r  bacterial enumeration.
Experim ent G2a;-
July 18th , 1972.
Duration: 19 days.
Sample: R iver Wey, Guildford,
Param eters studied: N itra te , n itr ite  and ammonia were determined 
every other day; bacterial count (CPS) and oxygen concentration daily; and 
organic nitrogen a t the beginning and end of the experiment. The daily 
variation in the number o f colony types per 1 0 0  colonies a t the highest dilution  
was determined.
Experim ent G2b:~
October 14th , 1972.
Duration: 16 days.
Sample: R iver Wey, Guildford.
Param eters studied: N itra te , n itr ite  and ammonia were determined 
every other day u n til day 14 then daily; bacterial count (CPS) and oxygen 
concentration daily; and organic nitrogen a t the beginning and end of the 
experim ent. The daily variation in the number of colony types per 100 
colonies a t the highest dilution was determined. On day 14 500 mg L -  
asparagine was added to  the sample.
Experim ent G2c:-
March 29th, 1973.
Duration: 22 days.
Sample: R iver Wey, Guildford.
Param eters studied: N itra te , n itr ite , ammonia, bacterial count 
(CPS, Media I ,  I I  and IV ) and oxygen concentration were determined daily; 
attached protein every other day; and organic nitrogen a t the beginning and 
end of the experiment.
Experiment G2d:~
May 14th , 1973.
Duration: 22 days.
Sample: R iver Wey, Guildford.
Param eters studied: N itra te , n itr ite , ammonia, bacterial count 
(CPS, Media I ,  n  and III)  and oxygen concentration were determined daily; 
attached protein every other day; and organic nitrogen a t  the beginning 
and end of the experiment.
Experim ent G2e:~
June 18th , 1973.
Duration: 24 days.
Sample: R iver M d e , Dorking.
Param eters studied: N itra te , n itr ite , ammonia, bacterial count 
(CPS, Media I ,  I I  and III)  and oxygen concentration were determined daily; 
attached protein every other day; and organic nitrogen a t the beginning and 
end of the experiment.
Experim ent G2f
August 21st, 1973.
Duration: 31 days.
Sample: R iver M ole, Dorking.
Param eters studied: N itra te , n itr ite , ammonia, bacterial count 
(CPS, Media I ,  I I  and IH) and oxygen concentration were determined daily; 
attached protein every other day; and organic nitrogen a t the beginning and 
end of the experiment. Microscopic examination of immersed cover slips 
was carried out every other day. On day 13 50 mg N (NH^Cl) was added to  
the sample.
RESULTS AND DISCUSSION
G1 SMALL VESSEL 
Experim ent Gla
The results fo r two identical vessels are given in Table 6 *
Day B acteria l Count (per m l) N itra te * (ppm N) N itr ite  (ppm N)
A B A B A B
0 2.5 x 1 0 5 2.5 x 10® 4.05 4.05 0 . 1 1 2 0 . 1 1 2
1 5.6 x 105 4.6 x 10s 3.5 4.0 0.148 0 . 1 1 0
2 6.7 x lO 6 3.1 x 1 0 6 3.3 3.5 0.150 0.105
3 2.8 x lO 6 5.6 x IQ 6 - m - -
4 3.2 x 10® 3 .2 x 1 05 - - - -
6 1.4 x 105 1 .0 x 1 0 5 2.5 2 . 8 0 . 1 2 0 0.080
8 1.9 x 105 1.4 x 105 2.4 2 . 6 0.076 0.036
1 0 2.7 x 10® 3.9 x 105 •»
-  not determined 
*  see footnote Table 11
Table 6
An in itia l bacterial bloom was observed in both vessels (F ig . 15). The 
bloom was followed by a sharp decline and then a gradual increase in the 
count. In both cases the n itra te  concentration fe ll substantially (Fig. 16). 
Assim ilation of the n itra te  (1 .4 -1 . 6  jig  N /m l) would resu lt in an increase 
in biomass equivalent to  more than 10® b acteria /m l. B acteria l counts in 
the w ater did not approach this fig u re , however heavy growth was observed 
attached to  the walls of the vessel and the silicon rubber tubing. M icro­
scopic examination revealed th at the attached growth consisted of bacterial 
chains embedded in a gelatinous slim e. A t surfaces exposed to  the a ir the 
slime contained large numbers of spirochaetes, diatoms and grazing ciliated  
protozoa. The n itra te  could have been lo st by den itrification  as the ra te  
required was w ell below rates observed in other synecological studies 
(Wheatland e t a l, 1959; DSIR, 1963), and the lack of mixing combined w ith  
heavy growth suggested th a t a t least p artia lly  anaerobic conditions occurred 
in a large proportion of the culture. A combination of assim ilation and 
denitrification  may have produced the drop in n itra te  concentration.
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Experim ent Gib
The results fo r two vessels A and B are given in Table 7. Vessel 
B contained glass slides to  give an e ffec tive  doubling in the solid surface 
area exposed to  the sample.
B acteria l Count (per m l)
Day To ta l Count on CPS Yellow Colonies Other Pigmented
Colonies
A B A B A B
0 3.1 x lO 3 2.5 x 103 7 . 0  x 1 0 2 4.0 x 102 2 . 0  x 1 0 2 1.5 x 102
1 1.3 x 10s 1.3 x 10s 8 . 0  x 1 0 3 8 . 0  x 1 0 3 1 . 8  x 1 0 3 6 . 0  x 1 0 2
2 2 . 0  x 1 0 6 1.3 x 106 2.4 x 104 4.0 x 10* 8 . 0  x 1 0 3 3.2 x 103
3 1 . 2  x 1 0 6 7.3 x l0 5 2 . 0  x 1 0 * 1 . 1  x 1 0 4 4.0 x 103 1 . 2  x 1 0 2
S 2 .0 x 1 03 3.0 x 103 <5.0 x 102 5.0 x 102 <5.0 x 102 5.0 x 102
8 2.9 x 1 0 4 4.7 x 103 3.7 x 103 1.3 x 1 0 4 4.3 x 103 5.0 x lO 3
1 2 3.0 x 104 2 . 6  x 1 0 S 1.9 x 104 2 . 0  x 1 0 s 4.0 x 103 1.3 x 1 0 4
16 7.4 x 104 4.0 x 10s 2.4 x 104  
Table 7
- 2 . 0  x 1 0 4 mm
An in itia l bloom, followed by a sharp decline and then a gradual increase in 
the count, occurred in both vessels (Fig. 17). The numbers of yellow and 
other pigmented colonies were each expressed as a percentage of the to ta l 
count on CPS (Fig, 18). I t  would appear th a t other components of the 
community grew more rapidly during the in itia l bloom than e ither the yellow 
or the other pigmented organisms. However in both vessels the percentage 
of yellow pigmented colonies rose to  more than three tim es th e ir in itia l 
value following the peak in the to ta l count. The counts of other chromogens 
remained low , as a percentage of the to ta l count, throughout the experim ent. 
Botan e t a l (1960) noted a tendency of chromogenic bacteria to  decline in 
numbers re la tive  to  white or colourless bacteria during the incubation of 
a lake w ater sample. By the end of the experim ent, the contents of both 
vessels were mucoid and the walls of the vessel and tubing were covered in 
a thick layer of slim e. No significant dilfererces attribu tab le  to  a doubling 
in the area of solid surface exposed to  the sample were observed.
In experiments Gla and Gib the to ta l counts on CPS in duplicate 
vessels followed essentially identical pattern s, indicating th a t the para­
m eters controlling the viable count were identical in the duplicate vessels
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(Figs. 15 and 17). The two components o£ the chromogen portion of the 
to ta l counts on CPS (Fig. 18) demonstrated a sim ilar parallel behaviour.
In addition to  sim ilar growth patterns, n itra te  and n itr ite  metabolism  
also appeared to  follow sim ilar patterns in duplicate vessels (Fig. 16).
G2 LARGE VESSEL
Experiment G2a
The fluctuations in bacterial count (Table 8 ) and nitrogen balance 
(Table 9) were monitored in a sample (in itia l tem perature, 19,S°C) s tirred  
a t  motor setting 5.
An in itia l bacterial bloom occurred w ith a peak a t  4-5 days (Fig.
19). The peak was followed by a sharp fa l l ,  a f te r  which the count remained 
fa ir ly  constant w ith only slight fluctuations. The stabilization of the count 
coincided with a drop in the number of colony types. The nitrogen balance 
did not a lte r  significantly during the experiment (Fig. 20).
Experiment G2b
The fluctuations in bacterial count (Table 10) and nitrogen balance 
(Table 11) were monitored in a sample (in itia l tem perature, 12.3°C) s tirred  
a t motor setting 5. Cn day 14, 500 mg L-asparagine (1 0 . 6  mg NA; 18.2 
mg C A ) was added to  the sample.
The to ta l count on CPS increased gradually as the experiment 
progressed (Fig. 21), while the number of colony types decreased. N it r ite  
showed a gradual increase throughout the experiment (Fig. 22) w ith a 
sharp increase following the addition of asparagine. The experiment was 
terminated on day 16 due to  an equipment fa ilu re .
In experiments G2a and G2b the number of visually distinguishable 
colony types were determined per 100 colonies on CPS a t the highest dilution 
(Tables 8  and 10). In both cases the number of types decreased significantly  
within the f i r s t  1 0  days of incubation, indicating th a t the community 
structure of the numerically significant bacteria, as enumerated on CPS 
had become simplified.
Experiment G2c
B acteria l count (Table 12), nitrogen balance (Table 13) and attached 
protein (Table 14) were monitored in a sample (in itia l tem perature, 11 °C)
B a c te r ia l- Colony ty p es  p e r 100 colonies a t  h ig h est d ilu tion
Day
Count 
(per ml) T o ta l Num ber Chrom ogenic Types
0 3.2 x lO 5 9 4
1 8.0 x lO 4 -
2 1.8 x lO 5 8 4
3 8.4 x 105 8 -4
4 1.9 x 106 8 4
5 2.28 x lO6 5 2
6 1.2 x lO 6 7 3
7 7.2 x 105 5 2
8 2.7 x lO 5 6 3
9 2.2 x lO 5 5 2
10 2.4 x lO5 5 2
11 4.5 x 105 5 2
12 2.6 x lO 5 4 1
13 2.0 x 105 5 2
14 2.4 x lO 5 5 2
15 3.2 x lO 5 5 2
16 1.54 x lO 5 ■ 6 ... ,  2
17 2.4 x lO5 5 2
18 2.6 x lO 5 5 2
19 3.7 x lO 5 5 : 2 ■ ■ _  '
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Day N itra te *  N itr ite  Ammonia Organic N Oxygen 
(ppmN) (ppmN) (ppmN) (ppmN) (% sat.)
0 4.0 0.120 *0.2 <0.1 100
2 4.0 0.070 *0 .2  -  100
4 4.1 0.050 <0.2 -  100
6  3.8 0.020 <0.2 -  100
8  2.9 0.027 <0.2 -  100
10 3.6 0.040 <0.2 -  100
12 4.1 0.028 <0.2 -  100
14 3.3 0.024 <0.2 -  100
16 3.3 0.020 <0.2 -  100
18 3.5 0.017 <0.2 <0.1 100
*  See footnote Table 11
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P ay  B a c te r ia l  C ount (per ml) Num ber of Colony Types
0 1.6 x lO 3  6
1 1.6 x lO 3  6
2 1.3 x lO 3  6
3 2.0x 103  6
4 1.8 x lO 3  6
5 3.2 x lO 3  5
6  3.8 x lO 3  4
7 4.3 x lO 3  5
8  2.6 x lO 3  4
9 7.6 x lO 3  5
10 5.0 x 103 4
11 1.0 x lO 4  4
12 2.8 x lO 4  4
13 4.2 x 104  4
14 2.6 x 104  4
15 7.4 x 104  4
16 1.7 x 105  4
Table 10
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Day N itra te *  N itr ite  Ammonia Organic N Oxygen 
(ppmN) (ppmN) (ppmN) (ppmN) (% sat.)
0 4.1 0.020 < 0.2 <<0.10 100
1 4.1 0.035 <0.2 -  100
2 4.1 0.018 <0.2 -  100
4 4.1 0.032 <0.2 -  100
6  3.4 0.040 <0.2 -  100
8  3.4 0.042 <0.2 -  100
10 4.0 0.046 <0.2 -  100
12 4.1 0.065 <0.2 -  100
14 3.5 0.065 <0.2 -  100
15 3.9 0.096 <0.2 -  100
16 3.9 0.125 <0.2 " 10.1 100
-  not determined
*  The analytical techique used fo r  n itra te  was less 
accurate than the modified technique described in 
the Materials and Methods.
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stirred a t  m otor setting 5, The s t ir re r  motor tailed cat day 17 and 
remained out of action to r  the remainder of the experiment. The fa u lt  
probably caused reduced s tirring  during the days before to ta l fa ilu re . The 
oxygen electrode was found to  be fau lty  on day 11, The in itia l count on CPS 
remained re latively constant fo r  5 days; declined fo r  the next 7 days, then 
recovered slightly and remained constant t i l l  the end of the experiment 
(Pig. 23). As shown in Pig, 24, the count on Medium I ,  as a percentage of 
the count on CPS, fluctuated markedly (35-65%) t i l l  day 5; from  day 5 t i l l  
day 11 the percentage was reduced (20-29%) w ith only slight fluctuations; 
and from  day 11 to  day 22 the percentage fluctuated considerably (24-120%), 
Slight fluctuations occurred on Medium XX (1.3-6,7%) t i l l  day 11 then large 
fluctuations (9,7-5$%) occurred through t i l l  day 22, Although the count on 
Medium EE was lower than on Medium I ,  the colonies were larger. No growth 
was observed on Medium IV , presumably due to  the toxicity of n itr ite .
The n itra te  concentration did not change significantly throughout the 
experiment (Pig. 25), N it r i te -N  remained constant (0.02 ppm) t i l l  day 4 , 
then fe ll  to  0.005 ppm by day 6  where i t  remained t i l l  day 12, N itr ite  -N  
increased from  day 12 to give 0,088 by day 22, The variation in n itr ite  
concentration showed an apparant correlation with changes in the count on 
CPS, and w ith fluctuations in the counts on Media l  and Q, when expressed 
as percentages of the CPS count. The dissolved oxygen concentration fe l l  
following fa ilu re  of the s t ir re r  motor.
Attached protein increased consistently un til day 6 , then i f  
fluctuated between 0,32 and 0,77 mg N (equivalent to  0,03-0,08 ppm N in 
the sample) fo r  the remainder of the experiment.
Experiment G2d
Bacteria l count (Table 15), nitrogen balance (Table 16) and attached 
protein (Table 17) were monitored in a sample (in itia l tem perature, 12,5°C) 
stirred  a t  motor setting 5.
The count on CPS (Pig. 26) remained fa ir ly  constant throughout 
except fo r  sharp drops on days 6  and I S . . When expressed as a percentage 
of the counts on CPS, the counts on Media I ,  and I I  and I I I  fluctuated  
considerably throughout the experiment (Pig. 27), Medium I  fluctuated  
between 6,7 and 100%; Medium H , 3,9 and 34%; and Medium I I I ,  6.7 and 100%.
Day B a c te r ia l  Count (per ml) 
CPS ‘ Medium I Medium II Medium IV
0 1.28 x lO 6 6,3 x lO 5 1.72 x lO 4 < 1 0
1 1.0 x l 06 6.3 x lO 5 7.3 x lO 4 < 1 0
2 1.8 x lO 6 6.3 x lO 5 5.06 x lO 4 <10
3 1.0 x lO 6 6.3 x lO 5 4.22 x lO 4 < 10
4 1.0 x lO 6 6.3 x lO 5 6.07 x lO 4 <10
5 ■- 2.3 x lO 6 7.89 x lO 5 1.54 x lO 5 <10
6 1.0 x lO 6 2.7 x lO 5 3.52 x lO 4 <10
7 6.3 x lO 5 1.85 x lO 5 2.94 x lO 4 <10
8 6.3 x lO 5 1.54 x lO 5 2.94 x lO 4 <10
9
10 6.3 ' x 105 1.27 x lO 5 2.94 x lO 4 <10
11 2.94 x lO 5 8.34 x lO 4 2.86 x 1 0 4 < 10
12 1.43 x lO 5 8.34 x lO4 5.85 x lO 4 <10
13 2.94 x lO 5 8.34 x 104 5.85 x lO 4 <10
14 5.06 x lO 5 1.2 x lO 5 8.34 x lO 4 <10
15 2.94 x lO 5 1.72 x lO 5 9 .95-x lO 4 <10
16 5.06 x lO 5 4.22 x lO 5 2.94 x 105 <10
17 2.94 x lO 5 1.72 x lO 5 8.34 x lO 4 <10
18 2.94 x lO 5 3.52 x lO 5 9.95 x lO 4 <10
19 4.22 x lO 5 1.43 x lO 5 8.34 x lO 4 <10
20 3.52 x 1 0 5 8.34 x lO 4 6.98 x lO 4 < 10
Table 12
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Day N itra te
(ppmN)
N itr ite
(ppmN)
Ammonia
(ppmN)
Organic N 
(ppmN)
Oxygen 
(% sat.)
0 4.0 0 . 0 2 0 < 0 . 2 < 0 . 1 j i ..
1 4.0 0 . 0 2 0 < 0 . 2
2 3.9 0.025 < 0 . 2 ~
3 4.1 0 . 0 2 0 < 0 . 2
4 4.3. 0 . 0 2 0 < 0 . 2
5 3.8 0 . 0 1 2 < 0 . 2 Electrode
malfunction
6 3.7 0.005 < 0 . 2 —
7 3.9 0.005 < 0 . 2 -
8 3.9 0.005 < 0 . 2 -
9 3.8 0.005 < 0 . 2 -
1 0 4.3 0 . 0 1 2 < 0 . 2
1 1 4.1 0.005 < 0 . 2 - . >f
12 3.7 0 . 0 2 0 < 0 . 2 - 82
13 4.1 0.030 < 0 . 2 - 85
14 3.8 0.027 < 0 . 2 . - 8 8
15 3.8 0.045 < 0 . 2 - 8 8
16 3.8 0 . 0 2 0 < 0 . 2 “ 8 8
17 3.8 0.064 < 0 . 2 83
18 4.1 0.064 < 0 . 2 - 74
19 4.2 0.068 < 0 . 2 - -  .. 76
2 0 4.0 0.070 < 0 . 2 - 70
2 1 4.0 0.075 < 0 . 2 6 8
2 2 4.0 0.088 < 0 . 2 < 0 . 1 6 6
Table 13
F
ig
. 
25
. 
E
xp
t.
G
2c
to
oz
o
CM
in
o
in
CLa
at
o o o o
In
cu
b
at
io
n
 
(d
ay
Day Attached Protein Equivalent mg N
Replicate coverslips (jig /c  overslip) Mean on vessel walls
0 0 0 0 0
2 18 13 15.5 0.49
4 17 2 0 18.5 0.58
6 28 2 0 24.0 0.76
8 15 16 .15.5 0.49
10 16 19 17.5 0.55
12 13 16 14.5 0.46
14 13 36 24.5 0.77
16 18 12 15.0 0.47
18 11 9.5 10.2 0.32
20 11 10 10.5 0.33
22 12 12 15 18 12 18.5 15 14.6 0.46
Table 14
Day B a c te r ia l  Count (per ml)
CPS Medium I Medium II Medium III
0 6.07 x lO 5 4.09 x lO 4 2.38 x lO 4 4.09 x lO 4
1 4.22 x lO 5 ; 3.41 x lO 4 2.38 x lO 4 4.09 x 104
2 2.94 x lO 5 1 . 2  x 1 0 5 9.95 x lO 4 9.95 x lO 4
3 3.52 x 10 5 1.72 x lO 5 9.95 x lO 4 1 . 2  x 1 0 5
4 2 .9 4 x 1 0 5 1.43 x lO 5 8.34 x lO 4 1.72 x lO 5
5 4.22 x lO 5 1.43 x lO 5 3.41 x 104 9.95 x lO 4
6 9.95 x lO 4 8.34 x lO 4 1 . 6 6  x 1 0 4 4.89 x 104
7 6.07 x 1 0 5 3.52 x lO 5 8.34 x lO 4 1.72 x 10s
8 7.3 x l0 5 3.52 x lO 5 8.34 x 104 1.43 x 10s
9 7.3 x lO 5 2.94 x 105 1 . 2  x 1 0 S 1.72 x 1 0 5
1 0 6.07 x lO 5 2.94 x lO 5 1.43 x 105 1.72 x 1 0 s
1 1 3.52 x lO 5 3.52 x l O 5 6.98 x lO 4 1.43 x  10S
1 2 4.22 x lO 5 - 8.34 x 104 9.95 x 104
13 6.07 x 105 - 9.95 x 104 1 . 2  x 1 0 s
14 5.06 x lO 5 1.43 x lO 5 8.34 x 104 1.2 x lO 5
15 9.95 x lO 4 8.34 x lO 4 1.66 x lO 4 6.98 x 104
16 3.52 x lO 5 - 6.98 x 104 1.2 x lO 5
17 2.46 x lO 5 5.85 x lO 4 3.41 x 104 1.2 x lO 5
18 3.52 x lO 5 1.43 x 105 8.34 x 104 1.72 x 1 0 s
19 4.22 x 105 2.94 x 1 0 s 1 . 2  x 1 0 5 4.22 x 10 5
2 0 6.07 x lO 5 2.46 x 105 1.72 x 1 0 5 4.22 x 1 0 s
2 1 5.06 x lO 5 2.46 x 10s 1.72 x 1 0 5 2.46 x 1 0 s
2 2 4.22 x lO 5 2 . 8 6  x 1 0 4 1.39 x lO 4 1 . 2  x  1 0 S
Table 15
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Day N itra te
(ppmN)
N itr ite
(ppmN)
Ammonia
(ppmN)
Organic N 
(ppmN)
Oxygen 
(% sat.)
0 4.4 0.037 < 0 . 2 < 0 . 1 1 0 0
1 4.3 0.033 < 0 . 2 1 0 0
2 4.35 0.035 < 0 . 2 - 1 0 0
3 4.3 0.036 < 0 . 2 -  ■ 1 0 0
4 4.3 0.028 < 0 . 2 1 0 0
5 4.3 0.036 < 0 . 2 - 1 0 0
6 4,4 0.033 < 0 . 2 - 1 0 0
7 4.3 0.039 < 0 . 2 1 0 0
8 4.3 0.035 < 0 . 2 - 1 0 0
9 4.5 0.035 < 0 . 2 1 0 0
1 0 4.3 0.037 < 0 . 2 - 1 0 0
1 1 4.2 0.043 < 0 . 2 1 0 0
1 2 4.2 0.036 < 0 . 2 1 0 0
13 4.3 0.036 <0 . 2 1 0 0
14 4.5 0.044 < 0 . 2 1 0 0
15 4.6 0.034 < 0 . 2 1 0 0
16 4.4 0.031 < 0 . 2 1 0 0
17 4.4 0.015 < 0 . 2 1 0 0
18 4.4 0.014 < 0 . 2 1 0 0
19 4.4 0.015 < 0 . 2 - 1 0 0
2 0 4.45 0.005 < 0 . 2 -  ' 1 0 0
2 1 4.4 0 . 0 1 0 < 0 . 2 - 1 0 0
2 2 4.4 0 . 0 1 0 < 0 . 2 < 0 . 1 1 0 0
Table 16
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Day A tta ch e d  P ro te in  E quivalen t mg N
R ep lica te s  ( jig /c  over slip) Mean on v e sse l w alls
2 7.0 10.0 5.6 7,5 0.24
4 18.3 17.0 19.5 18.2 0.57
6 15.3 10.0 10.5 11.9 0.37
8 15.3 17.0 20.5 17.6 0.55
10 14.7 16.0 9.4 13.4 0.42
12 6.4 13.5 8.0 9.3 0.29
14 20.2 9.4 - 14.8 0.47
16 6.9 6.8 12.5 8.7 0.27
18 13.2 14.5 11.5 13.1 0.41
20 21.5 7.7 13.0 14.1 0.44
22 14.5 14.0 20.0 16.2 0.51
Table 17
As shown graphically in Fig. 28 the nitrogen balance remained constant 
except fo r  a drop in n itr ite  concentration on day 16,
Attached protein increased consistently until day 4 , then i t  fluc­
tuated between 0.29 and 0.57 mg N (equivalent to  0.03-0.06 ppm N in the 
sample) fo r  the remainder of the experiment.
Experiment G2e
B acteria l count (Table 18), nitrogen balance (Table 19) and attached 
protein (Table 20) were monitored in a sample (in itia l tem perature, 18°C) 
stirred  a t  motor setting 5.
An in itia l bloom peaked on day 3 , declined to  a minimum by day 7 , then 
remained fa ir ly  constant fo r  the remainder of the experiment (Fig. 29).
When the counts on Media 1, I I  and I I I  were expressed as a percentage of the 
counts on CPS (Fig. 30) a distinct pattern was observed. Up to  day 4 varia­
tions in the percentage values were small (Medium I ,  27-59%; Medium I I ,  
9.7-16%; Medium I I I ,  17-39%). From day 4 to  day 15 larger variations were 
observed (Medium I ,  17-70%; Medium I I ,  6.7-48%; Medium H I, 20-59%), then 
from  day 15 until day 24 very large fluctuations occurred (Medium I ,  28-100%; 
Medium I I ,  9.5-58%; Medium H I, 34-120%),
As shown in Fig. 31 the concentrations of n itra te , n itr ite  and ammonia 
showed only slight variations in the f i r s t  1 1  days of incubation but between 
day 11 and 15 most of the ammonia in itia lly  present was n itrified  through 
n itr ite  to  n itra te . The cessation of n itrification  coincided w ith the 
appearance of marked fluctuations in bacterial counts on the d iffe ren tia l 
media, when expressed as a percentage of the count on CPS. The N.O.D. was 
calculated on the assumption th a t 3.22 mg/1 and 1.11 mg/1 of oxygen were 
required to  oxidise 1 mg/1 ammonium -N  to  n itr ite  -N and 1 mg/1 n it r i te  -N  
to n itra te  -N  respectively (Wezemak and Gannon, 1967). The maximum N.CXD. 
was 2.2 m g/l/day. From the previously determined mass tran sfer coeffic ient, 
i t  was calculated that a t  a 2 1 % oxygen saturation d e fic it the oxygen tran s fe r  
ra te  in the vessel would be 3.1 m g/l/day. Accurate measurement of the 
oxygen concentration was not possible due to d ifficu lty  in calibration, but the 
oxygen concentration remained above 80% saturation throughout the 
experiment.
A fte r  24 days the inward ammonia trap contained 0.91 mg N and the 
outward trap contained 0.07 mg N as ammonia.
Day , B a c te r ia l  Count (per ml)
CPS Medium I Medium II Medium III
0 2.46 x lO 5 1.43 x lO 5 2 . 8 6  x 1 0 4 8.34 x 104
1 3.52 x lO 5 9.95 x lO 4 3.41 x lO 4 5.85 x lO 4
2 1.54 x lO 6 3.52 x lO 5 2.46 x 105 6.07 x 10 5
3 2.25 x 106 6.07 x 105 2.94 x l0 5 7.3 x 10s
4 1.85 x lO 6 5.06 x lO 5 2.94 x lO 5 5.06 x 105
5 8.77 x 105 5.06 x lO 5 , 5.85 x lO 4 5.06 x 105
6 .4.22 x 105 1.43 x lO 5 6.98 x lO 4 1.43 x 105
7 6.98 x lO 4 4.89 x lO 4 2.38 x lO 4 4.09 x 104
8
o
1.43 x lO 5 9.95 x lO 4 6.94 x lO 4 8.34 x 104
1 0 1.2 x lO 5 8.34 x lO 4 2 .38x104 3.41 x lO 4
11 4.22 x lO 5 6.98 x lO 4 2 . 8 6  x 1 0 4 8.34 x lO 4
1 2 4.22 x lO 5 9.95 x 104 6.98 x lO 4 1 . 2  x 1 0 4
13 1.72 x lO 5 8.34 x 104 3.41 x lO 4 9.95 x lO 4
14 2.46 x lO 5 1.2 x lO 5 4.09 x lO 4 1.2 x lO 5
15 2.46 x lO 5 9.95 x lO 4 3.41 x 104 8.34 x 104
16 -  - -
17 2.94 x lO 5 2.94 x 10s 1 . 2  x lo S 3.52 x 10 5
18 5.06 x 103 3.52 x lO 5 8.34 x lO 4 4 . 2 2  x 1 0 s
19 4.22 x 105 1.2 x lO 5 6.98 x lO 4 8.34 x lO 4
2 0 5.06 x lO 5 4.22 x lO 5 2 .94x105 3.52 x 10s
2 1 4.22 x lO 5 3.52 x 10s 1.2 x lO 5 3.52 x 10 5
2 2 1.2 x lO 3 1 . 2  x 1 0 ® 2.38 x lO 4 9.95 x lO 4
23 9.95 x lO 4 6.98 x lO 4 9.4 x lO 3 6.98 x 104
24 1.43 x lO 5 8.34 x lO 4 2.38 x lO 4 8.34 x 104
Table 18
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Day N itra te  N itr ite  Ammonia Organic N 
(ppmN) (ppmN) (ppmN) (ppmN)
9 5.9 0.380 1.67 <0.1
1 6.1 0.360 1.35 -
2 6.1 0.440 1.34 -
3
6.1 0.325 1.24 -
4 6.1 0.345 1.41
5 6.0 0.335 1.50
6 6.3. 0.365 1.39 -
7 6.3 0.312 1.32 -
8 6.2 0.300 1.28 . -
9 6.2 0.265 1.35 -
10 6.2 0.240 1.27 -
11 6.2 0.250 1.28
12 7.0 0.250 1.02 -
13 7.3 0.248 0.48 . -
14 7.9 0.110 0.35
15 8.5 0.019 <0.2 -
16 7.9 0.016 < 0.2 -
17 7.5 0.015 < 0 .2 -
18 8.5 0.020 < 0 .2 : -
19 7.9 0.012 < 0.2
20 7.9 0.014 < 0 .2
21 7.9 0.015 <0.2 -
22 7.9 0.015 <0.2 -
23 7.9 0.014 <0.2 -
24 7.9 0.015 <0.09 Z0.1
N.O.D.
(mg/1)
Table 19
F
ig
• 
31
« 
E
x
p
t•
G
2e
o
CM
in
to
CM
o o
in
a.CL
cn
oooo
CO CMCD
Day Attached Protein Equivalent mg N
Replicates ( pg/coverslip) Mean on vessel walls
2 4.0 4.7 6 . 2 5.0 0.15
4 21.7 19.0 1 1 . 2 17.3 0.54
6 25.0 23.5 2 0 . 2 22.9 0.72
8 24.0 19.7 2 0 . 0 2 1 . 2 0.67
1 0 17.7 18.0 17.0 17.5 0.55
1 2 13.0 2 0 . 0 18.5 17.1 0.54
14 18.5 29.0 14.7 20.7 0.65
16 - - - -
18 22.5 7.9 18.2 16.2 0.51
2 0 15.5 26.5 20.5 2 0 . 8 0.65
2 2 19.0 12.5 12.5 14.6 0.46
24 1 2 . 0 24.5 14.7 19.6 0.62
Table 20
Attached protein increased consistently fo r  6  days then fluctuated  
between 0.46 and 0,72 mg N (equivalent to  0.05-0.07 ppm N in the sample) 
fo r  the remainder of the experiment.
Experim ent G2f
B acteria l count (Table 21), nitrogen balance (Table 22) and attached 
protein (Table 23) were monitored in a sample (in itia l tem perature, 16°C) 
s tirred  a t m otor setting 5, On day 13, 50 mg N as ammonium chloride was 
added to  the sample* The bacterial count cn CPS fluctuated during the  
experim ent, but no d istinct trends were apparent (F ig . 32). The fluctua­
tion in the counts on the d iffe re n tia l media, when expressed as a percentage 
of the corresponding count on CPS, form ed a d istinct pattern  (Fig* 33). 
During the f ir s t  8  days large fluctuations occurred (Medium 1, 28-100%; 
Medium E , 12-34%; Medium E l, 24-100%); from  day 8  to  day 24 the flu c ­
tuations were much sm aller (Medium 1, 24-70%; Medium E , 6*8-34%; Medium 
E l, 14-49%); then fro m  day 24 to  day 31 very large fluctuations occurred 
(Medium I ,  24-210%; Medium I I ,  5.6-59% and Medium E l, 24-250%),
The n itr ite  originally present (0.13 ppm N ) fe ll to  below 0.03 ppm N 
within 9 days. Two days a fte r  the addition of ammonium chloride the  
n itr ite  and n itra te  concentrations began to  increase while the ammonia 
concentration began to  decrease. The ra te  of n itrific a tio n , as indicated 
by the calculated N.OJD., gradually increased reaching a maximum on day 24 
(Table 22, F ig , 34), N itrific a tio n  of the ammonia added was 95% complete 
by day 25. The v irtu a l cessation of n itrific a tio n  on day 25 corresponded to  
the incidence of large fluctuations in the d iffe re n tia l bacterial counts when 
expressed as a percentage of the count cn CPS. The maximum N.Q.D, was 
4,6 m g/l/day. A t 30% oxygen saturation d e fic ie t the oxygen tra n s fe r ra te  
in the vessel would be 4.7 m g/l/day. The observed oxygen concentration 
remained above 60% saturation throughout the experim ent.
A fte r  31 days the inward ammonia trap  contained 2*76 mg N and the  
outward trap  contained 0,180 mg N as ammonia.
Attached protein increased consistently fo r  4 days, then fluctuated  
between 0.32 and 0.97 mg N (equivalent to  0.03-0,1 ppm N in the sample) fo r  
the remainder of the experiment. Microscopic examination of the cover­
slips immersed in the sample revealed a progressive colonisation o f the  
glass surfaces.
Medium I Medium II Medium III
0 1.72 x lO 5  ‘ 9.95 x lO 4 to o X M O 1.2 x lO 5
1 2.46 x lO 5 1.43 x lO 5 4.09 x 104 1.43 x 10s
2 5.06 x lO 5 5.06 x lO 5 1.2 x lO 5 5.06 x lO 5
3 3.52 x lO 5 '3 .5 2 x1 0 5 1.2 x lO 5 3.52 x lO 5
4 5.06 x 105 4.22 x lO 5 1.43 x lO 5 3.52 x 10 5
5 1.72 x lO 5 1.2 x lO 5 3.41 x 104 5.85 x 104
6 1.2 x lO 5 6.98 x lO 4 2.0 x lO 4 8.34 x lO 4
7 1.72 x lO 5 1.2 x lO 5 5.85 x 104 1.43 x 10 5
8 1.2 x lO 5 3.41 x 104 1 . 6 6  x 1 0 4 2 . 8 6  x 1 0 4
9 1.43 x lO 5 5.85 x lO 4 3.41 x lO 4 4.89 x 104
10 6.98 x lO 4 2 . 0  x 1 0 4 2.38 x lO 4 2 . 8 6  x 1 0 4
1 1 9.95 x lO 4 2.38 x lO 4 3.41 x lO 4 2.86 x lO 4
1 2 1.72 x lO 5 6.98 x lO 4 2.38 x 104 4.89 x 104
13 1 .7 2 x 10 5 8.34 x 104 2.38 x 104 8.34 x lO 4
14 2.94 x lO 5 8.34 x lO 4 9.95 x 104 9.95 x 104
4.22 x l0 5 1.2 x lO 5 1 .43x105 1.43 x 10 5
16 2.46 x lO 5 1.43 x lO 5 3.41 x 104 8.34 x 104
17 1.2 x lO 5 6.98 x lO 4 2.0 x lO 4 2.86 x lO 4
18 8 .3 4 x 10 4 4.09 x lO 4 1.15 x lO 4 2.0 x lO 4
19 1.72 x lO 5 8.34 x 104 2 . 8 6  x 1 0 4 6.98 x 104
2 0 1.72 x lO 5 8.34 x 104 2 . 8 6  x 1 0 4 8.34 x lO 4
2 1 1.72 x lO 5 1 .2 -x lO 5 2.0 x lO 4 6.98 x 104
2 2 4 .22x10$ 1.43 x lO 5 2.86 x lO 4 5.85 x 104
23 4.22 x 105 9.95 x lO 4 6.98 x lO 4 1.43 x 10 5
24 4.22 x lO 5 9.95 x lO 4 6.98 x lO 4 9.95 x lO 4
25 9.95 x lO 4 6.98 x lO 4 5.85 x 104 6.98 x 104
26 2.94 x lO 5 2.94 x lO 5 1 . 2  x 1 0 s 1.43 x 10 5
27 2.94 x lO 5 6.07 x 105 1.43 x lO 5 7.3 x lO 5
28 2.94 x lO 5 9.95 x lO 5 8.34 x 104 1.43 x 10s
29 5.06 x lO 5 2.94 x lO 5 2.86 x lO 4 1 .2  x lO 5
30 8.34 x 1 0 4 6.98 x 1 0 4 2.38 x lO 4 3.41 x 104
31 1 . 2  x 105 9.95 x lO 4 1 . 6 6  x 1 0 4 8.34 x IQ 4
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Day
/
N itr a te
(ppmN),
N i t r i t e
(ppmN)
Ammonia
(ppmN)
Organic N 
(ppmN)
0 8.4 0.130 0.13 0.198
1 8 . 6 0.109 < 0 . 2
2 8 . 2 0.109 < 0 . 2 -
3 8.5 0.088 < 0 . 2 -
4 8.5 ' 0.086 < 0 . 2 -
5 8.4 0.072 < 0 . 2 -
6 8.5 0.055 < 0 . 2 -
7 8.4 0.054 < 0 . 2 -
8 8.5 0.052 < 0 . 2 -
9 8.4 0.028 < 0 . 2
1 0 8.4 0.031 < 0 . 2
1 1 8 - 4
0.029 < 0 . 2 -  ■
1 2 8 . 2 0.025 < 0 . 2 -
13 8 . 2 0.023 4.4
14 8 . 2 0.025 4.4 -
15 8.4 0.036 4.4 -
16 8 . 8 0.041 4.1
17 9.2 0.077 4.0
18 9.3 0.124 3.9
19 9.6 0.180 3.88 -
2 0 1 0 . 0 0.250 3.4 -
2 1 9.4 0.340 3.0 -
2 2 9.4 0.345 2.9 -
23 1 0 . 6 0.325 2 . 1
24 11.4 0.295 i.3 -
25 12.7 0.300 0.25 -
26 13.0 0 . 2 0 0 < 0 . 2 -
27 13.2 0 . 0 2 0 < 0 . 2 -
28 13.2 0.008 < 0 . 2 -
29 13.2 0.007 < 0 . 2 -
30 3.3. 0 0.005 < 0 . 2 -  V
31 13.0 0.009 < 0 . 1 < 0 . 1
N.O.D.
(mg/1)
2.0
- 1.6
0.4
3.5
3.5
4.6
Table 22
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Day Attached Protein Equivalent mg N
Replicates (jug/coverslip) Mean on vessel walls
2 5.4 1 1 . 8 8 . 6 0.27
4 - 1 2 . 2 1 2 . 2 0.38
6 9.0 1 2 . 2 1 0 . 6 0.32
8 12.5 13.2 1 2 . 8 0.40
1 0 15.0 13.0 14.0 0.44
1 2 20.5 17.0 18.7 0.59
14 2 0 . 0 23.5 21.7 0 . 6 8
16 12.5 2 1 . 0 16.7 0.53
18 14.5 2 1 . 8 18.1 0.57
2 0 15.5 14.0 14.7 0.46
2 2 40.0 14.0 27.0 0.85
24 19.5 42.0 30.7 0.97
31 31.0 2 2 . 0 26.0 26.3 0.83
Table 23
Day 2 :- Many bacterial microcolonies containing ten to  a few  
hundred organisms were observed together w ith  many diatoms but no 
protozoa*
P la te  1* A general view showing microcolonies, a bacterial 
chain and a single N itzschia ce ll.
Day 4 :- Thee over slip had a denser covering o f grow th, which 
consisted of larger bacterial m icrocolonies, few  protozoa and a few diatom s, 
A number o f d iffe re n t bacterial form s were present including long chains 
and spirochaetes,
P la te  2, A microcblcny of cocco-bacilli.
P la te  3. An ensheathed chain of bacteria , possibly 
Sphaerotilus natans.
P la te  4 . A single spirochaete.
Day 6 :~ Many large microcolonies of bacteria , many attahced  
protozoa and many spirochaetes ware present w ith few er diatoms and very  
few chains of bacteria,
P late  5. A general view showing microcolonies, debris and
a spirochaete,
P la te  6 , The dominant fo rm  of attached protozoa.
Day 8 :-  A larger number of attached protozoa was present w ith  
a few spirochaetes and a number of ensheathed chains of bacteria, N 
P la te  7, A microcolony of diplococci around debris,
P late  8 , Epiphytic bacteria attached to  the older portion 
of ensheathed chain of bacteria , and two spirochaetes.
Day 10:- Many sm all colonies o f the type shown in P late  9 were 
observed together w ith  many attached protozoa,
P late  9, B acteria l microcolonies.
P la te  10. Epiphytic growth attached to  bacterial chain,
P la te  11. Single V orticclla  sp. showing contractile  sta lk  
w ith myoneme and attachm ent point. A sporulating actinom ycete (A) and 
a flagella te  protozoa (F) and two diatoms are also present.
Day 12:- The coverslip was covered w ith  a large amount of stained 
m ateria l which consisted alm ost en tire ly  of attached protozoa*
P la te  12, A dense mass of attached protozoa.
P late  13. A single dividing V orticella  sp. showing mouth 
cilia tu re , s ta lk , myoneme and point of attachm ent to  cover slip,
P late  14. Two suctorians (Tokophrya m ollis) and two 
zoofiagellates.
P late  15. Three zoofiagellates (Poteriodendron petiolatum ) 
and a single V orticella  sp.
P la te  16. Epiphytic bacteria attached to  a single N itzschia
cell.
Day 14:- Many branched, non-bacterial filam ents were observed 
together w ith  a range of attached protozoa and very few diatom s.
P la te  17. Two filam entous form s and a bacteria l m icro­
colony,
P la te  18. Epiphytic growth on a sheathed bacterial chain, 
P late  19. Four spined s tru c tu re , probably a hyphomycete
spore.
Day 16:- The periphytic population was s im ilar to  th a t on day 14. 
P late  20, Hyphomycete spore germinating and a single
V orticella  sp.
P late  21, Three zoofiagellates (Salpingoeca sp.)
P late  22. Chains of Sphaerotilus natans.
Day 18:- Extensive hyphal development was observed together w ith  
a large number o f spirochaetes and few er protozoa.
P la te  23. A network of fungal hyphae,
P late  24, Four spined s tru c tu re , probably a hyphomycete
spore.
P late  25. Two germinating hyphomycete spores, possibly 
Tetrachaetum  sp.
C3 Attached growth on coverslips immersed in the R iver Wey
The attached growth was examined by determ ination of attached  
protein concentration and microscopic observation. As shown in Table 24 
there was no significant difference between the amount of protein on 
coverslips exposed to  d irect lig h t and those in the shade.
Plate  1
P late  2
Plate 3
P la te  4
P la te  6
P late  6
P late  10
P la te  12
P la te  14
£a
»
P late  16
P la te  18
P la te  20

•H ate 24
V.
Attached Protein (pg/coverslip)
Day D irect L ight Shade
Replicates Mean Replicates______  Mean
u 35.0 14.0 • 24.5 - 8 . 0 8 . 0
6 64k0 80.0 72.0 61.0 52.0 56.5
10 6 8 . 0 116.0 1 0 2 . 0 6 8 , 0 80.0 74.0
14 - 128.0 126,0
Table 24
90.0 132.0 111.0
No significant difference was observed in the types of organisms present 
on the coverslips. A progressive colonisation of the coverslips v/as 
observed.
Day 2 :- Large amounts o f debris were present. D iatom s, some 
attached protozoa and a li t t le  bacterial growth were observed.
P la te  26. A general view containing two cells o f N itzschia , 
fragm ents of Synedra, and short chains of Sphaerotilus natans associated 
w ith particles o f debris.
Day 6 : -  Many chains o f Sphaerotilus natans and large numbers of 
attached protozoa were present.
P la te  27, A hyphomycete spore resembling Tetracladium
marchalianum.
P la te  28. Long chains of Sphaerotilus natans showing fa lse
branching.
Day 10:- Many chains of Sphaerotilus natans were observed together 
w ith large numbers of attached protozoa and bacterial microcolonies,
P late  29, Epistylis sp. or Opercularia sp. on a branch s ta lk . 
The point o f attachm ent to  the coverslip is very clear. Chains of 
Sphaerotilus natans can be seen in the background,
P late  30. B acteria l microcolonies.
P la te  31. Two zooflagellates (Salpingoeca sp.)
Day 14:- Large amounts of debris were present, few er protozoa 
and bacteria were observed. During the experiment heavy rain occurred 
causing the riv e r to  rise 0,3 m above normal (0.3-0.4 m ). Large amounts 
of sediment and detritus brought down by the riv e r lodged in the coverslip 
holder. The apparatus was checked and large particles of d e tritu s  removed 
every two days.
P la te  26
<■ -
P la te  27
P late  28
P la te  29
Plate 30
  — — -------  —  * - S
I  la te  31
In a ll G2 experiments (10 1 vessel), except G2b, the bacterial counts 
on CPS settled down a fte r  an in itia l period to  fluctuate w ithin a fa ir ly  
narrow range (Table 25).
Experim ent Fluctuation in count on CPS (d iffe re n tia l in brackets)
Bp to  Day 20 Day 10-20
G2a 8.0 x 104  -  2.28 x 10® (x 29) 1 ,5 4 x 105  *• 4.5 x lO 5 (x 3 )
G2c 1.43 x 10s -  2.3 x 106  (x 16) 1.43 x 10s -  6.3 x  10S (x 4)
G2d 9.95 x 104  -  6.07 x 105 (x 6 ) 9.95 x 104  -  6.07 x 105 (x 6 )
G2e 9,95 x 104  -  2.25 x  I0 6  (x 23) 1.2 x 10s -  5.06 x 10s (x 4 )
G2f 6.08 x 104  -  5.06 x 105  (x 7) 6.98 x 1 0 4  -  4 . 2 2  x 1 0 s (x 6 )
Table 25
The increasing overall numerical s ta b ility  of the bacterial community un~ 
doubtably indicates the adjustm ent of the community to  the environmental 
conditions imposed by the experim ental method. A sim ilar pattern  of 
fluctuations in bacterial count was observed by Botan e t a l (1960).
Adjustm ent to  the batch culture environment was also suggested by 
a ten tative  correlation observed between the in itia l tem perature of the 
sample and the occurrence of an in itia l bacterial bloom. An in itia l bloom 
was observed in two samples w ith  in itia l tem peratures of 18,0 and 19,5°C  
whereas no in itia l bloom occurred in four other samples w ith in itia l tem ­
peratures of 11.0-16.0°C . A drop in tem perature would be expected to  
produce a fa ll, not a r is e , in metabolic a c tiv ity  unless large numbers of 
psychrophiles were present. However seasonal param eters other than 
tem perature may have been responsible. Botan e t a l (1960) recorded in itia l 
bacteria l blooms but the in itia l tem perature of the sample and incubation
tem perature were not given. The blooms recorded by Botan e t a l could have 
/
been due to  the nutrients added im m ediately prio r to  incubation.
There was no correlation between tem perature and in itia l count, 
however the number o f observations in the present study is too sm all to  
be significant.
Jones (1971) found th a t tem perature appeared to  be one of the main 
param eters controlling the size o f the bacterial community in two 
oligotrophic lakes. Other facto rs such as pH, oxygen, ra in fa ll and p a rti­
culate m a tte r were also found to  be of significance. The extent to  which
tem perature influences the bacterial community in rivers has not been 
elucidated.
Throughout the series of experiments (G l and G2) attem pts were 
made to  detect changes in the structure of the bacterial community present 
in the sample. In experiments G2c, G2d, G2e and G2f bacterial counts 
were made using fiv e  d iffe re n t media. The essential differences in com­
position were th a t CPS contained organic nitrogen; Medium I  contained no 
organic or inorganic nitrogen, but a complete range of inorganic salts plus 
two simple carbohydrates; Medium I I  was the same as I  but contained 
ammonium nitrogen; Medium H I was the same as I  but contained n itra te -  
nitrogen; and Medium IV  was the same as I  but contained n itrite -n itro g e n . 
CPS consistently gave the highest count in itia lly  (Table 26), although there  
were occasionally higher counts on Media I  and in  during the incubation of the 
sample.
Source of Experim ent In itia l count as a percentage of the
Sample count on CPS
Medium I  Medium I I  Medium HI
R iver Wey 3 4,9 1.3
River Wey 4 6.7 3.9 6,7
R iver Mole 5 58 12 34
River Mole 6  58 12 70
Table 26
Medium I I  gave a count consistently lower than th a t on CPS and 
Media I  and H I. The tox ic ity  of ammonia appeared to  be the reason fo r  
th is discrepancy, although i t  cannot be ruled out th a t some bacteria preferen* 
tia lly  grew on Medium II .  Counts on Media I  and IH  were cm the whole very  
sim ilar. N itr ite  was found to  be highly toxic a t the concentration used in  
Medium IV  (Table 12), The counts on the d iffe re n t media could not be said 
to  represent d istinct physiological or taxonomic groups. However, i t  would 
seem reasonable to  assume th a t the quantitative differences do represent 
qualitative differences among the organisms counted. Thus, changes in the 
numerical relationship between the counts on the d iffe re n t media re flected  
changes in the qualitative composition of the bacterial community although 
the reverse was not necessarily tru e . The changes in the actual counts on
Media I ,  H and I I I  were not themselves sign ificant, but when expressed in 
relation to  the count on CPS a significant correlation was demonstrated. 
Counts on Media I ,  I I  and H I were represented as a percentage of the count 
on CPS (Figs. 24, 27, 30 and 33). I t  was evident th a t the percentage value 
did not necessarily vary when the count on CPS fluctuated and conversely 
fluctuations in the percentage values also occured when the count on CPS 
was re la tive ly  constant. In experiment G2c a period of alm ost no fluctua­
tion in percentage values (Fig, 24) corresponded very closely to  a period in 
which the count on CPS showed a decline in bacterial numbers (F ig . 23), 
During the same period the n itr ite  concentration also fe ll (F ig . 25), Con­
com itant w ith  increases in bacterial count and n itr ite  concentration, large 
fluctuations were observed in the percentage values. In experiments G2e 
and G2f the occurrence of large fluctuations in the percentage values (Figs. 
30 and 33) coincided precisely w ith the cessation of n itrific a tio n  (Figs. 31 
and 34), while the bacterial count on CPS (Figs, 29 and 32) did not a lte r  
significantly in either case.
The extent to  which d iffe re n t counting procedures select d iffe re n t 
p a rtia l populations, thereby a ffecting  the significance of the results has 
also been demonstrated by Jones (1972). Jones obtained bacterial counts 
from  lake w ater using a d irect count method; a microcolony count on CPS 
fo r  rapidly growing heterotrophs (40 hr incubation); and a normal plate count 
on CPS. He found th a t:- viable counting methods, particu larly  microcolony 
estim ation, correlated b e tte r w ith  phytoplankton population than did d irec t 
counts fo r to ta l bacteria; viable counting methods correlated most strongly 
w ith tem perature; and the only population which showed a positive correla­
tion w ith m em brane-filtered phophastase a c tiv ity  was th a t of the specific  
alkaline phosphatase producers.
The discrepancies in the nitrogen balances shown in Table 27 were 
undoubtably due to  lack of precision in chemical analysis.
Experim ent T o ta l Nitrogen £ng/l)
______________________  In itia lly ___________ A t the end of experiment
G2a 4.3 3,5
G2b 14.7 14.1
G2c 4.0 4.1
G2d 4.4 4.5
G2e 8.0 8.0
G2f 13.9 13.1
Table 27
N itr ite  analysis was very sensitive and gave reproducible resu lts . The 
analytical technique fo r  n itra te  was improved a fte r  experiment G2b to  
give improved reproducibility, but spasmodic inconsistencies s t ill occurred. 
The ammonia analysis gave fa rily  reproducible resu lts. However in experi­
ment G2f only 4,4 ppm of the 5.0 ppm ammonia-N added to  the sample were 
detected indicating th a t the d irect nesslerization technique gave inaccurate 
results possible due to  in terference. A t the beginning and end of each 
experiment ammonia-N was determined in a 500 m l sample by d istilla tio n  
followed by nesslerisation. The quantities of nitrogen present in the 
attached growth (equivalent to  0.03-0.097 ppm N in the sample) were insig­
n ifican t compared to  the errors encountered in n itra te  and ammonia 
analysis.
N itrific a tio n  of ammonia through n itr ite  to  n itra te  was observed 
in experiments G2e and G 2f, The ra te  of n itrific a tio n  indicated th a t 
auto trophic n itr ifie rs  were responsible. A ttem pts were made to  predict 
the course of n itrific a tio n  using the method of Wezernak and Gannon (1968). 
Prediction was not possible because environmental factors affected  the ra te  
of n itrific a tio n  such th a t the basic assumption th a t the ra te  of substrate  
form ation was simply proportional to  the product of substrate and bacterial 
concentrations did not hold. Wezernak and Gannon demonstrated the 
predictive capacity of the method in w ater above 20°C , w ith  a high in itia l 
n itrify in g  population able to  n itr ify  2.76 and 3.68 ppm ammonia-N 
respectively in 10 h r. Under such conditions disruptive environmental 
influences were apparently not significant. The marked influence o f ces­
sation in n itrific a tio n  on the structure of the bacterial community which 
was noted above , may be partly  explained by an observation of Buswell e t 
a l (1954). They determined th a t the growth ra te  of Nitrosomonas was 
directly  proportional to  the ra te  of n itr ite  form ation. Thus cessation of 
n itrific a tio n  would be invariably associated w ith  a rapid decline in the 
growth ra te  o f a highly active bacterial population w ithin the community. 
Knowles e t a l (196$) demonstrated th a t both Nitrosomonas and N itro b acter 
die o ff fa ir ly  rapidly when aerated in the absence of the relevant energy 
source.
Small amounts of n itrite -N  (0.02-0.12 ppm) persisted through a
number of experim ental runs (G2a„ G2b, G2c and G2d) in which ammonia 
was not present in detectable concentrations ( 0.2 ppm N ). In experiment 
G2b the n itr ite  concentration increased as the bacterial count increased 
w hilst in experiment G2c the n itr ite  concentration fe ll during a decline in 
the bacterial count and reappeared again when the bacterial count recovered. 
The occurrence of a dynamic equilibrium between the two stages of auto- 
trophic n itrific a tio n  is possible, although ammonium was not detected. 
Accumulation of n itr ite  could occur as a resu lt of heterotrophic n it r if i­
cation in which conversion to  n itr ite  is a more common endpoint than 
conversion to  n itra te  (Skerman and MacRae, 1957; Jannasch, 1960a) or as 
a resu lt of n itra te  reduction in anaerobic micro-zones (Fisher e t a l, 1956; 
E ylar and Schmidt, 1959). The results from  G2 experiments gave no 
indication th a t nitrogen fixation  or den itrification  occurred in the samples 
to  a significant degree. Assim ilation losses of inorganic nitrogen (deter­
mined by increase in organic N ) were slight and restric ted  alm ost en tire ly  
to  growth present on the walls of the vessel.
The amount of attached protein varied between 0.3 and 1.0 mg N 
in a ll four experim ents, a fte r  the period of in itia l colonisation (4-6 days), 
The quantities o f attached protein corresponded to  an equivalent bacterial 
population of between 5 x 10^ and 2 x 1 0 ^  while the to ta l numbers o f plank- 
tonic bacteria , as a viable count on CPS medium (mean of counts cm days 
10-15), varied between 2 x 10^ and 4.3 x 10^. D irect counting methods 
often give counts o f freshw ater bacteria up to  1 0 , 0 0 0  tim es higher than 
plate count methods (Collins, 1963). Zcbell (1943) recorded up to  ten  
tim es as many bacteria attached to  the glass as in the body of the w ater. 
The ra tio  appeared to  be in f luenced by the concentration and kind of organic 
m a tte r, proxim ity of the solid surface to the w ater mass, the tim e  and 
tem perature of incubation and the kinds of bacteria present. A part from  
during in itia l colonisation, the large variations (up to  300%) between rep­
lica te  coverslips precluded the determ ination of significant trends in the 
quantitfes of attached protein. S im ilarly , the sm all number of replicates  
used; the variation in individual values; and the fa c t th a t the coverslips 
were made of soda-glass, which provides a more active surface fo r  
bacterial growth than pyrex (Collins, 1963), precluded anything more than
approximation in the extrapolation of results from  the coverslips to  the 
walls of the vessel.
Microscopic examination of the coverslips indicated a progressive 
colonisation of the glass surfaces. In itia l colonisation was by bacteria , 
some of which proliferated giving microcolcnies. A fte r  a few days 
attached, stalked protozoa appeared together w ith  chains of Sphaerotilus 
natans. By day 18 an extensive network of fungal hyphae had developed,on 
one covers lip . Germinating hyphomycete spores were observed. Hoehn 
and Ray (1973) showed th a t in the in itia l stages of biological f ilm  form ation  
a gelatinous m atrix  is laid down on the solid surface by a sparse bacterial 
population. B o tt and Brock (1970) noted th a t the bulk of organisms present 
on substrates rise from  previously attached cells. This was particu larly  
evident in th e ir study of the growth of Sphaerotilus. P ain ter (1970) cited  
lite ra tu re  which suggested th a t autotrophic n itr ifie rs  adhered to  surfaces, 
where n itrific a tio n  then occurred. Other cited work showed th a t n itr ifie rs  
do not require surfaces on which to  grow, but w ill adhere to  one i f  present. 
Thus i t  appears possible th a t a t  least a proportion of the n itrify in g  
a c tiv ity  was localised on the vessel walls. In the River Wey study the 
quantity o f attached protein increased markedly throughout the experim ent 
to  give 90-132 jug/coverslip by day 14. The discrepancy between these 
figures and those observed in the batch culture of R iver Mole w ater (20-23 
jug/c over slip) was undoubtably due to  the large amounts of detritu s  which 
became attached to  the coverslips immersed in the Wey, The presence of 
d e tritu s , w ith  an associated community of microorganisms prcibably fa c ili­
ta ted  the observed immediate colonisation by attached protozoa.
The occurrence of Sphaerotilus natans on coverslips immersed in 
both the Wey and in the batch culture o f R iver Mole w ater emphasises the 
wide distribution o f this organism in flowing freshw ater habitats. Although 
the presence of Sphaerotilus natans in large amounts indicates pollution 
w ith organic m a tte r, i t  also thrives in natural flowing w aters, low in 
nutrients (Dondero, 1961). Dondero isolated Sphaerotilus natans by 
allowing attachm ent to  a glass surface in a current of flowing w ater.
The attachm ent of other microorganisms to  the sheaths of Sphaerotilus 
natans recorded above, was also noted by Collins (1963), V orticella  sp.,
Poteriodendron petidlatum . Tokophrya m ollis. Epistylis sp. and 
Opercularia sp. are a ll commonly found in freshw ater (Curds, 1969; Sleigh, 
1973). Spirochaeta sp., particu larly Spirochaeta pHcatilus are often found 
in waterlogged decomposing plant m ateria l (S tarr and Skerman, 1965).
Measurement of attached protein and microscopic observation have 
shown th a t a quantitatively significant and qualitatively diverse community 
was present on the walls of the sample vessel.
GENERAL DISCUSSION
The results have shown th a t significant colonization of the con­
ta iner surfaces occurred during incubation of the sample. I t  was estab­
lished in the Introduction to  the Experim ental Work th a t the presence of 
solid surfaces may resu lt in an increase in the number o f bacteria in sus­
pension. As increases occur in the main body of the sample, i t  seems likely  
th a t attachm ent to  the surfaces would be passive and tran s ito ry . In the 
experimental work i t  was found th a t active attachm ent of true periphytes 
(e.g. sessile protozoa and sheathed bacteria) occurred resulting in the 
form ation of a substantial biological slim e over the walls of the vessel.
The solid surfaces were a suitable substrate fo r  colonization which removed 
the physical restra in ts  of the plank tonic environment and allowed a spatially  
organized and structurally  more complex community to  become established 
through the process of succession. The number of sessile protozoa sug­
gested th a t the slime community was exploiting the plsnktcnic community 
producing a drastic change in trophic relations. The laboratory ecosystem  
evolved into two physically and presumably m etabolically d istinct phases.
Changes were also observed in the planktonic bacterial community. 
The d iversity of the numerically significant colony types decreased in the 
f ir s t  few days of incubation, then remained fa ir ly  constant. Presumably 
the more stable environment in the reactor favoured the predominance of 
certain species. This is perhaps reflected  in the increasing s ta b ility  of 
bacterial numbers as the experiments progressed. Increasing s ta b ility  indi­
cates increasing m atu rity  although in itia l in stab ility  may have been produced 
by the change of environment from  riv e r to  laboratory reac to r.
The influence of such changes on the nitrogen cycle is d iffic u lt to  
assess. The surface slime may act as a nitrogen sink fo r  the planktonic 
phase, although i t  may be of greater importance as a locus of intensive n it­
rogen recycling. Also the microenvironments created by the slim e may 
perm it den itrificaticn  to  occur. The e ffe c t of changes occurring in the 
heterotrophic community, such as surface colonization, on autotrophic 
n itrific a tio n  is not known. However, i t  was found th a t cessation of n it­
rific a tio n  produced marked e ffec ts  on the structure of the bacterial 
community.
The apparatus and experimental method were designed to  study 
changes in the measurable concentrations of d iffe re n t nitrogen compounds.
The sample was kept in the dark, in order to  reduce complexity; in particu lar 
to  fa c ilita te  control of oxygen levels, and to  prevent excessive growth of 
algae on the walls of the vessel and the excessive build up of d e tritu s . The 
results from  the experimental work and inform ation obtained by other 
workers make i t  d e a r th a t i t  would be erroneous to  suppose that' batch cul­
tu re corresponds to  anything more than a grossly oversim plified model of 
the planktonic phase in a riv e r. However the environment was su ffic ien tly  
sim plified to  allow elucidation of changes in the nitrogen balance under 
controlled conditions and th e ir possible relationships w ith  changes in the 
structure of the bacterial community. Growth on container surfaces w ill, 
of course, be a problem in a ll procedures which invdve the encapsulation of 
comparatively sm all volumes of natural waters*, For example, Jannasch and 
Mateles (1974) found th a t wall growth impeded the s tr ic t requirem ent fo r  
complete mixing in continuous culture of riv e r w ater. I t  is im portant to  
note th a t the w ater samples studied were obtained from  m ature riv e r environ­
ments only m ildly affected  by pollution. Therefore i t  would be expected th a t 
the m icrobial community present would be fa ir ly  stable although a t the same 
tim e undergoing natural succession and development. Also the planktonic 
community of a fa ir ly  large riv e r, in its  m ature stages, w ill have less in te r­
action w ith the benthic and periphytic communities than in a sm all s tream , 
enabling the "plug-flow” hypothesis to  be more meaningfully applied.
The efficacy of the approach used in the present work to  study the 
e ffec ts  of pollution on the nitrogen cycle in a m ature, m ildly polluted riv e r  
is d iffic u lt to  assess w ithout fu rth e r work. Some of the lim itations have 
been examined in the present work. However these do not necessarily dis­
qualify the approach from  being useful in the study of nitrogen transform a­
tions and th e ir relationship to  the ecology of the environment. Any a ttem p t 
to  examine ecological phenomena occurring in complex communities w ill 
require compromise and very fine balancing of relevant param eters in order 
to  avoid the overwhelming e ffec ts  of lim itations inevitably introduced by 
the experim ental method.
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APPENDIX
P late-d ilu tion  frequency technique (a fte r  H arris and Sommers, 1968).
Bisected p e tri dishes of soHd media were allowed to  harden over­
night and then p artia lly  dried. E ight approximately equidistant circular 
areas were marked ligh tly  in each half of the plate w ith a s te rile  cork 
borer (1 cm diam eter). The plates were stored in plastic bags and 
checked fo r  contamination before use.
Proceeding from  the highest dilution o f a 4 -fo ld  dilution series of 
six tubes, a 0,1 m l p ipette graduated in hundredths was used to  deliver 
eight replicate 0.01 m l samples to  the centre of the appropriate pres­
cribed circles on the medium. The plates were incubated a t  22°C fo r  
6 days.
M icrobial enumeration was achieved by consulting Table 28 to  
obtain an estim ate of the number of organisms present in the most 
concentrated dilution of the dilution series.
. Table 28
The 95% confidence l im its  a re  log (d -0.3042) f o r  th e  4 -fo ld  s e r ie s .
I f  (log d i/0 .2128) -  (log d2/0.2128) (4 -fo ld) is  >  2.000, th e n  d1 
and d2 a re  s ig n ific an tly  d i f f e r e n t .
These columns a re  included f o r  convenience of re fe re n c e . Since d
is com puted f ro m  th e  to ta l  num ber of p o s itiv e  re sp o n ses  ir r e s p e c tiv e  
of th e ir  d is tr ib u tio n  a t  each d ilu tion  le v e l, sequences n o t re p re se n te d  
in th e  ta b le  can be read ily  obtained by re fe re n c e  to  th e  t o t a l  num ber 
column.
P o s itiv e  responses in p la te s  inoculated  
w ith  8 re p lic a te  0.01 m l sam ples 
f ro m  6 d ilu tion  levels
O rganism s p e r  m l of suspension  
a t  d ilu tio n  level l a
T o ta l No.
No. a t  each level^ 4 -fo ld  s e r ie s
1 2 3 4 5 6 No. (d) log d log d/0.2128
4 4 . 0 0 0 0 0 46 1.660 7.801
5 5 0 0 0 0 0 60 1.776 8.346
6 6 0 0 0 0 0 76 1.879 8.830.
7. 7 o 0 0 0 0 94 1.975 9.281
8 8 0 0 0 0 0 115 2.061 9.685
9 8 1 0 0 0 0 139 2.142 10.066
10 8 2 0 0 0 0 166 2.221 10.437
11 8 3 0 0 0 0 200 2.300 10.808
12 8 4 0 0 0 0 238 2.377 11.170
13 8 5 0 0 0 0 286 2.456 11.541
14 8 6 0 0 0 0 341 2.533 11.903
15 8 7 0 0 0 0 409 2.612 12.274
16 8 8 0 0 0 0 489 2.689 12.636
17 8 8 1 0 0 0 585 2.767 13.003
18 8 8 2 0 0 0 698 2.844 13.365
19 8 8 3 0 0 0 834 2.921 13.727
20 8 8 4 0 0 0 995 2.998 14.088
21 8 8 5 0 0 0 1,200 3.079 14.469
22 8 8 6 0 0 0 1,430 3.156 14.831
23 8 8 7 0 0 0 1,720 3.235 15.202
24 8 8 8 0 0 0 2,050 3.312 15.564
'2 5 8 8 8 1 0 0 2,460 3.391 15.935
26 8 8 8 2 0 0 2,940 3.468 16.297
27 8 8 8 3 0 0 3,520 3.547 16.668
28 8 8 8 4 0 0 4,220 3.625 17.035
29 8 8 8 5 0 0 5,060 3.704 17.406
30 8 8 8 6 0 0 6,070 3.783 17.777
31 8 8 8 7 ' 0 0 7,300 3.863 18.153
32 8 8 8 8 0 0 8,770 3.943 18.529
33 8 8 8 8 1 0 10,600 4.024 18.910
34 8 8 8 8 2 0 12,700 4.104 19.286
35 8 8 8 8 3 0 15,400 4.186 19.671
36 8 8 8 8 4 0 18,500 4.268 20.056
37 8 8 8 8 5 0 22,500 4.352 20.451
38 8 8 8 8 6 0 27,300 4.436 20.846
39 8 8 8 8 7 0 33,300 4.523 21.255
40 8 8 8 8 8 0 40,900 4.612 21.673
41 8 8 8 8 8 1 50,700 4.705 22.110
42 8 8 8 8 8 - 2 63,000 4.799 22.552
43 8 8 8 8 8 3 78,900 4.897 23.012
44 8 8 8 8 8 4 100,000 5.000 23.496
Table 28
